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Abstract 

This thesis presents strategies for reducing the magnetic signature of an unmanned 

aircraft system (UAS). The GeoSurv II UAS is being designed by Carleton Univer

sity for the purpose of conducting geomagnetic survey missions which requires the 

elimination of magnetic noise to ensure high quality survey data. A thorough experi

mental investigation on the GeoSurv II UAS was designed and performed to identify 

magnetic field sources and to create a metric of the magnetic signature of the current 

prototype. Two characterization schemes based on prior research, the Permanent 

Magnetic Dipole scheme (PMaD) and the Dual Permanent Magnetic Dipole scheme 

(DuPMaD), were developed to model simple magnetic field sources using magnetic 

point dipoles. Both PMaD and DuPMaD yielded nearly identical results, leading to 

the selection of the PMaD scheme for optimization and cancellation algorithms due 

to its simplicity. 

A cancellation scheme, the Cancellation Magnet Configuration (CMC) strategy, 

was developed to reduce the far-field magnetic signature of a magnetic noise source 

through the use of a strategically configured permanent magnet. The CMC scheme 

was experimentally validated, yielding a 76.2% reduction in the magnetic noise of 

a servo actuator at a distance of 0.52 m. Additionally, an optimization strategy, 

the Genetic Algorithm Magnetic Signature Optimization (GAMSO) strategy, was 

developed to strategically configure magnetic field sources to minimize the magnetic 
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noise at wingtip magnetometer locations. The GAMSO strategy was experimentally 

validated, yielding a 98.8% and 85.8% magnetic noise reduction at the starboard and 

port wingtip locations, respectively, over the current configuration. Furthermore, 

the GAMSO solution exhibited small positional sensitivity, accounting for transient 

magnetic field changes due to small wingtip deflections experienced during flight. 
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Chapter 1 

Introduction 

1.1 Overview 

Airborne geomagnetic surveys are performed in order to determine the magnetic 

field over geological regions of interest. They require high resolution measurements 

of the magnetic field to identify local magnetic field variations, which can be used 

to indicate the presence of geological anomalies such as mineral or oil deposits. Due 

to the inherent properties of magnetic fields, the magnetic field measured during the 

survey may not necessarily be the true value of the earth-field at that survey point. 

Magnetic field sensors (magnetometers) measure the net magnetic field which means 

that if any magnetic interference is present, it will also be included in the measure

ment. Therefore, magnetic noise will compromise the accuracy and consistency of 

magnetic data. 

Magnetometers can measure either the vector or total field depending on the type 

of magnetometer selected, and are unable to distinguish between fields that they 

are intended to measure such as the earth-field and those of magnetic interference 

sources. Interference generated from magnetic materials and low frequency (<10 Hz) 

magnetic sources most substantially affect survey data. Thus significant attention is 
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given towards attenuating their effect at magnetometer locations on survey aircraft. 

Interference generated from magnetic fields at higher frequencies (>10 Hz) can be 

removed through filtering. 

Geomagnetic survey aircraft are designed such that the magnetic interference at 

magnetometer locations is attenuated. This is generally accomplished by positioning 

the magnetometers far enough away from the airframe so that the magnetic interfer

ence generated by the aircraft does not affect the magnetometer readings. The current 

practice is also to replace ferromagnetic parts of the aircraft with non-ferromagnetic 

materials, which incurs cost and recertification of the aircraft for flight. To avoid hav

ing to modify airframes of as-built aircraft, purpose-built unmanned aircraft systems 

(UAS) may be utilized with the added advantage of requiring a smaller field crew and 

the ability to fly closer to the terrain. However. UAS's are smaller in size which im

plies increased proximity between magnetic noise sources and magnetometers. This 

thesis presents the development of a novel strategy to characterize, and attenuate the 

magnetic interference of an unmanned geomagnetic survey aircraft. 

1.2 Research Motivation 

1.2.1 Airborne Geomagnetic Surveys 

Traditionally, airborne geomagnetic surveys are completed with manned fixed wing 

or rotary wing aircraft. This typically requires a field crew of one or two geophysicists, 

a pilot, a co-pilot, as well as an aircraft maintenance engineer (AME). A typical 

geomagnetic survey aircraft is shown in Figure 1.1. 
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Figure 1.1: An SGL Cessna 208B Grand Caravan shown equipped for triaxial gra-
diometer surveying. Note the stingers used to separate the magnetometers from 
the airframe. Courtesy of Sander Geophysics Limited. 

Ideally, geomagnetic surveys are flown "slow and low" meaning that it is desirable 

for the survey aircraft to have a low velocity and low altitude. This is desirable for 

several reasons: 

• Flying slowly allows the aircraft to follow the drape more closely. The drape is 

the projection of the terrain at a constant elevation above the actual terrain. For 

example, if the terrain has a hill such that the altitude on the ground increases, 

then the drape will also increase in altitude. By following the drape more 

closely, airborne geomagnetic measurements can give a closer representation of 

magnetic anomalies. 

• Flying slowly allows for more measurement points to be collected over a set 

distance, since the distance between measurement points will decrease with 

speed for a set measurement frequency. 

• The magnitude of a magnetic field is proportional to the inverse cube of distance 

from source to measurement point, meaning that the closer the measurement 
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point is to the source, the larger the measured field will be. Thus, flying at 

a lower altitude means that the magnetic field intensity will be greater, and 

hence the survey resolution will be increased. Therefore, anomalies will appear 

sharper in the data, again aiding data interpretation. Results from Caron [2] 

indicate that the advantage of flying lower altitude surveys disappears below 

elevations of 50 m for the survey area studied. 

Manned aircraft cannot fly close to the terrain due to the safety concerns associated 

with having humans onboard. Comparatively, UAS's are able to fly much lower to the 

terrain since the safety requirements of unmanned aircraft are significantly less than 

their manned counterparts. Additionally, the use of UAS's allows for a reduction in 

the number of field crew members to as few as a single person, leading to a decrease 

in the resources needed to perform a geomagnetic survey and hence making UAS's 

more economical. Therefore, there are both economic and performance drivers toward 

using unmanned aircraft to perform the function of manned surveys. 

However, since UAS's are typically smaller than manned aircraft, the high sen

sitivity magnetometers will be located much closer to onboard sources of magnetic 

interference relative to manned aircraft. Therefore, special attention must be given 

to ensuring that the magnetic interference at magnetometer locations is attenuated 

to the greatest extent possible. 

1.2.2 GeoSurv II UAS 

Carleton University is currently developing a UAS, known as GeoSurv II, capable of 

high resolution geomagnetic surveys. GeoSurv II has a wingspan of 4.88 m, a length of 

4.27 m, and stands 0.91 m off the ground. The airframe is composed almost entirely 

of composite materials with the exception of some fasteners. The use of metals is 



kept to a minimum, and nonmagnetic metals are used where necessary. At present, 

a prototype of GeoSurv II has been built and is being prepared for high-speed taxi 

tests and first flight The cunent weight of the prototype is 95.25 kg. The GeoSurv 

II is designed to ha\e a field crew of no more that 2 persons Refer to Figure 1.2 for 

a schematic of the current GeoSurv II configuration 

4.88 m 

4,27 m 

•©fl2^_ JBL 
0.91 m 

,„:^sffij» 

Figure 1.2: Orthogonal views of the current GeoSurv II Prototype configuration. 
Top (top left), side (bottom left), and front (bottom right) views are shown. 

GeoSurv II is being developed in partnership with Sander Geophysics Limited 

(SGL), a world leader in airborne geophysical surveying, and geological and envi

ronmental mapping The project team is composed of the undergraduate design 

team and the graduate research team. The undergraduate design team is responsible 

for the design and integration of the aircraft structure and systems, and is composed 

of fourth year aerospace, mechanical, systems and computer engineering students. 

The graduate research team focuses on the development of technologies specific to 

geomagnetic survey UAS's and addresses five research topics - obstacle detection, 

autonomous operation, low cost composite airframes, geomagnetic data acquisition, 
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and magnetic signature control - which are conducted by graduate students. Both 

project teams also include faculty members and industry professionals. This thesis 

presents the work completed on the magnetic signature control research project. 

Sources of Magnet i c Noi se 

GeoSurv II is designed to operate within the niche market of unmanned geomag

netic surveying. As such, the availability of magnetically quiet off-the-shelf compo

nents for the power plant and actuation is scarce, hence there are many sources of 

magnetic fields onboard GeoSurv II that will contribute to the magnetic interference 

at the wingtip magnetometers. Although the airframe is composed primarily of com

posite materials, metal fasteners were necessary for certain high load components. 

Mostly nonmagnetic materials have been selected for such fasteners. Additionally, 

engine components such as the crankshaft and connecting rods are made of high 

strength steel which is unfavourable for magnetic signature control. Furthermore, 

the final design of GeoSurv II will incorporate a generator, and additional avionics 

associated with the mission and autonomous operation which will likely increase the 

magnetic signature of the aircraft. 

Most importantly, the actuation of the current GeoSurv II prototype is performed 

by electric servo actuators. The permanent magnets within the DC motor of each 

servo actuator significantly affect the magnetic signature of GeoSurv II. The locations 

of the servo actuators onboard the current GeoSurv II prototype, along with the 

locations of the engine and magnetometers are shown in Figure 1.3. 
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Figure 1.3: GeoSurv II prototype servo placement. There are 14 servos in total. 
Labels: (1) starboard flaperon servos. (2) port flaperon servos, (3) starboard 
elevator servos, (4) port elevator servos, (5) starboard rudder servos, (6) port 
rudder servos, (7) throttle servo, (8)nose landing gear servo. The flaperon servos 
are closest to the wingtip magnetometers, hence are responsible for the greatest 
contribution of magnetic noise. 

Magnetic Signature Requirements 

The magnetic signature requirements for GeoSurv II were assigned by SGL as 

outlined in [3]. The established requirements specify that the final GeoSurv II design 

be competitive in its performance with manned geomagnetic survey aircraft. The 

requirements related to the magnetic signature of GeoSurv II are: 

• Requirement 3.1.1-3: Uncompensatable magnetic fields (noise) generated by 

the UAS shall not exceed 0.1 nanoTesla (nT) for fixed sources. 

• Requirement 3.1.1-4-' Uncompensatable magnetic fields (noise) generated by 

the UAS shall not exceed 0.01 nT for time-varying sources, in a 0 to 5 Hz 

bandwidth. 

• Requirement 3.1.1-9: The aircraft structure shall consist of only composite 

materials within 30 cm of the magnetometer sensors. Use of metals within 

this area shall be minimized and shall in any case be limited to nonmagnetic 
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hardware components. 

• Requirement 3.1.3-4: If 2 magnetometers are carried, these shall be mounted in 

horizontal gradiometer configuration. 

• Requirement 3.1.3-5: The aircraft shall carry 1 or 2 G-822A magnetometer 

sensors. 

• Requirement 3.1.3-6; The aircraft shall carry 1 Billingsley TFM 100 vector 

magnetometer sensor. 

• Requirement 3.1.3-7: All materials within 1 foot (30 centimeters) of magne

tomete r s ) shall be non-conductive, with the exception of small nonmagnetic 

fasteners. 

The magnetometers that SGL uses are the Geometries G-822A optically pumped 

cesium magnetometers which have a sensitivity of 0.005 nT. The magnetometer data is 

then filtered using computer-controlled real-time digital compensation, which results 

in an overall system resolution of 0.01 nT. Since the sensors used by SGL in their 

current aircraft fleet are highly sensitive, any UAS completing geomagnetic surveys 

will need to have magnetic interference below the specified limits. 

The limits on allowable magnetic noise are especially important for gradiometer 

measurements, which measure the difference in the magnetic field between two sen

sors. On GeoSurv II this would be across the wingspan since the magnetometers are 

located in the wingtips. Gradiometer measurements can typically be on the order of a 

few nanoTeslas which is quite small compared to the total field value which can range 

from 20,000 nT to 60,000 nT depending on geographic location. Since gradiometer 

measurements are so small, it is necessary to eliminate magnetic noise as much as 
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possible to increase the precision of the gradiometer measurements. SGL currently 

operates with a horizontal gradient noise level of less than 0.005 riT/m. 

1.3 Research Objectives 

The primary objective of the magnetic signature control research project is to 

eliminate the magnetic noise experienced at the wingtip magnetometer locations on 

GeoSurv II to increase the resolution of the magnetic field survey measurements. Due 

to the complex nature of magnetic fields, it is not feasible to completely eliminate the 

magnetic noise at sensor locations as long as there are magnetic components onboard. 

Therefore, the objective of this research is to reduce the magnetic noise to levels that 

are within the design specifications. This is accomplished by adhering to the "reduce 

as much as possible, then compensate" design principle as detailed below: 

1. Minimize the use of ferromagnetic material. Position remaining ferromagnetic 

materials as far from magnetometers as possible. 

2. Minimize number of magnetic components. Position remaining magnetic com

ponents as far from magnetometers as possible. 

3. Minimize the effect of the remaining magnetic components through shielding 

and passive/active cancellation. Magnetic shielding diverts the magnetic flux 

from sources so that their magnetic fields are locally contained. Cancellation 

involves the positioning of additional magnetic sources such that the net effect 

is less than that of the original magnetic component alone. Active and passive 

cancellation are used for time-varying and time-invariant sources, respectively. 

4. Configure the remaining magnetic field sources such that the net magnetic noise 

at wingtip magnetometer locations is minimized. 
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Often, as is the case of the current GeoSurv II prototype, the replacement of all 

ferromagnetic materials and magnetic components with nonmagnetic counterparts is 

not feasible, and thus significant attention must be spent on items 3 and 4, above. 

Additionally, since the GeoSurv II UAS is much smaller than a typical survey aircraft, 

magnetic noise sources will be in much closer proximity to the wingtip magnetometers, 

limiting the ability to implement item 2 effectively. For this reason, the research 

objectives of this thesis are as follows: 

1. Develop a test procedure to identify magnetic components and ferromagnetic 

material onboard GeoSurv II. This is necessary due to the proximity of magnetic 

noise sources to wingtip magnetometer locations. Since on GeoSurv II it is often 

not feasible to increase the source-sensor distance, it is necessary to identify 

magnetic noise sources so that they can replaced or configured to yield reduced 

net magnetic noise at wingtip sensor locations. 

2. Develop and experimentally validate a modelling strategy for all components 

expected to contribute to the magnetic interference at wingtip magnetometer 

locations. These mathematical models can then be used for any theoretical 

analysis, as well as optimization and cancellation strategies. 

3. Develop and experimentally validate, at the UAS-scale, a source configuration 

optimization strategy designed to minimize wingtip magnetic interference. This 

strategy configures magnetic noise sources, which cannot be replaced or negated, 

to yield a reduced net magnetic interference vector at wingtip magnetometer 

locations. 

4. Develop and experimentally validate a passive cancellation strategy such that 

the magnetic signature of individual sources is reduced. This strategy will be 

useful for individual magnetic noise sources that cannot be replaced or recon

figured. 
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1.4 Research Contributions 

The research contributions generated from this project include: 

1. A novel design optimization strategy was implemented using a genetic algorithm 

to configure each magnetic noise source to minimize the net effect at regions of 

interest, such as the wingtip magnetometer locations. It performs a stochastic 

heuristic search to determine the optimum feasible configuration for magnetic 

noise sources. The Genetic Algorithm Magnetic Source Optimization (GAMSO) 

tool was validated experimentally, and is shown to be capable of reducing the 

net magnetic noise of onboard servos by 98.8% and 85.8% at the starboard and 

port wingtip magnetometers, respectively, relative to the current GeoSurv II 

prototype configuration. 

2. A novel passive cancellation strategy, the Cancellation Magnet Configuration 

(CMC) strategy, designed to minimize the effect of each source of magnetic 

noise. The CMC strategy involved the utilization of permanent magnets of 

opposite polarity in close proximity to the sources which they are intended to 

minimize. This is intended to locally minimize the magnetic noise of each source 

to reduce the far-field effect. The CMC strategy was experimentally validated, 

and was shown to reduce the magnetic signature of a Hitec HSR-5990TG servo 

by 76.2% at a distance of 0.52 m. 

3. A thorough testing procedure document for experimental analysis of the mag

netic signature of unmanned aircraft systems and their components is presented. 

The testing methods presented may be applied to other systems that must be 

magnetically quiet. Recommendations for comprehensive testing are given, and 

form the basis for a metric which describes the overall magnetic signature of 

the system. Testing was conducted at a magnetically quiet facility to determine 
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the magnetic signature of the GeoSurv II prototype and its components. 

4. An improved method for characterizing servos as simple magnetic dipole 

sources. The Dual Permanent Magnetic Dipole (DuPMaD) and Permanent 

Magnetic Dipole (PMaD) characterization strategies are presented. They are 

an improvement over a strategy presented by Wells [1], yielding a better fit 

to data collected along multiple measurement planes. Magnetic components 

are modelled using one (PMaD) or two (DuPMaD) dipoles that may be placed 

anywhere within the component geometry, and may have the magnetic dipole 

vectors in any orientation. Additionally, an improved experimental testing ap

paratus, environment, and procedure allows for a more accurate representation 

of magnetic components. The results were verified through a finite element 

method analysis using COMSOL Multiphysics software. 

1.5 Outline 

There are nine chapters in this thesis. A brief description of Chapters 2 to 9 is 

provided below. 

Chapter 2: Magnetic Field Theory 

The basic physics of magnetic fields required to understand the contents of this the

sis are described. Sources of magnetic fields are outlined, the magnetic point dipole is 

introduced, and a discussion of Earth's geomagnetism is presented. A literature sur

vey of present strategies for dipole modelling, testing, optimization, and cancellation 

is described. 
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Chapter 3: Measur ing Magnet i c Fie lds 

Facilities used for testing magnetic fields are described. An explanation of the 

operation of fiuxgate magnetometers and optically pumped Cesium magnetometers 

is provided. The measurement system to be used on GeoSurv II is also presented. 

Chapter 4: Test ing and Analys i s of C o m p o n e n t s of GeoSurv II P r o t o t y p e 

This section presents the procedure, analysis, and results from a novel test strategy 

used to determine the magnetic signature of individual aircraft components. The 

magnetic signature of the servo actuators, engine and engine assembly, and flight 

avionics were experimentally investigated using several different testing procedures. 

The servo actuators were found to have the largest magnetic signature. 

Chapter 5: Characterizat ion Strategies 

Two characterization strategies, DuPMaD and PMaD, utilizing permanent mag

netic dipoles are presented. Two servos, the Hitec HSR-5990TG and the Hitec HSM-

7990TG, are characterized using both characterization strategies and compared to 

previously developed models. Model performance is verified through the use of a sim

ulation using COMSOL Multiphysics. The DuPMaD and PMaD schemes are shown 

to produce nearly identical results: therefore, since the PMaD strategy is simpler, it 

was selected for use in optimization and cancellation strategies. 

Chapter 6: Cancel lat ion Strategies 

The development of the novel Cancellation Magnet Configuration (CMC) strategy 

is presented, along with a description of magnetic cancellation strategies. The CMC 

strategy aims to minimize the magnetic far-field through the use of a cancellation 

magnet. The results of the CMC strategy are experimentally validated for the Hitec 



14 

HSR-5990TG, showing that CMC is an effective strategy for decreasing the far-field 

effect. 

Chapter 7: Testing and Analysis of Assembled GeoSurv II Prototype 

This section presents the procedure, analysis, and results from a novel test strategy 

used to determine the magnetic signature of the GeoSurv II prototype. A series 

of testing is presented, and a benchmark of the magnetic signature of the UAS is 

determined. The GeoSurv II prototype was found to have a magnetic signature 

larger than the allowable magnetic noise, and as such it is necessary to reduce the 

magnetic noise using magnetic signature control strategies. 

Chapter 8: Genetic Algorithm Magnetic Signature Optimization 

The development of the Genetic Algorithm Magnetic Signature Optimization 

(GAMSO) strategy is presented along with a brief description of the basic compo

nents of a simple genetic algorithm. The magnetic field at wingtip magnetometers is 

modelled using the PMaD characterization of the Hitec HSR-5990TG to represent the 

14 servos onboard the current GeoSurv II prototype. The performance of GAMSO 

is verified using a highly constrained subset of solutions to prove that GAMSO con

sistently reaches the global minimum. An optimized solution for the configuration of 

GeoSurv II is determined and experimentally validated. 

Chapter 9: Conclusions and Recommendations 

Major conclusions from research involved in this thesis are provided, as well as 

recommendations for future work. 



Chapter 2 

Magnetic Field Theory 

This chapter will outline the basic theory applicable for attenuation of magnetic 

interference. A brief explanation of the nature of magnetic fields, along with sources 

of magnetic interference will be presented. 

2.1 Magnetic Flux Density and Magnetic Field In

tensity 

The term magnetic field may refer to the B-field or to the H-field, which correspond 

to the magnetic flux density and magnetic field strength, respectively. Magnetic flux 

density, also known as magnetic induction, is measured in Tesla, T. Magnetic flux 

lines form continuous loops and thus are said to be solenoidal. The magnetic flux 

entering a closed surface must be equivalent to the magnetic flux exiting the closed 

surface. This is shown mathematically using Gauss's Theorem: 

f B-dA = 0, (2.1) 

for some closed surface S, through area dA. The B-field is divergenceless, with no 

sources or sinks, hence there are no points where the magnetic flux lines begin and 

15 



16 

end. For example, outside of magnets the magnetic flux lines enter near the south 

pole, and exit near the north pole; within magnets, the magnetic flux lines continue 

from south to north pole, therefore there are no discrete start or end points for the 

magnetic flux lines. In this thesis, the term magnetic noise source will refer to a 

feature that produces magnetic flux lines, and any reference to the magnetic field 

should be interpreted as referring to the magnetic flux density. 

Magnetic field strength, also known as magnetizing force, is measured in A/m. 

Unlike the B-field, the H-field is not divergenceless, meaning that it has sources and 

sinks. Within a magnet, the H-field lines are oriented in the opposite direction to the 

B-field lines, and the H-field lines appear to originate on the horizontal surfaces of 

the magnet [4]. 

In free space, magnetic flux density and magnetic field strength may be used to 

describe the same property, since they are related through the magnetic permeability 

of free space, fi0, which has a value of 4n • 10~7 T • m/A (H/m): 

B = n0H. (2.2) 

The magnetic permeability is a measure of the ability of a material to conduct mag

netic flux. Materials with larger magnetic permeabilities indicate that the material 

will conduct magnetic flux more readily than a material with a lesser permeability. 

Most often the permeability of a medium is specified by its relative magnetic perme

ability, fir, which is the the ratio of the permeability of the medium being defined to 

the permeability of free space. 

Within magnetic materials, the magnetization, M, of the material must be taken 

into account when relating the H-field and the B-field. The magnetic effect of a 
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magnet or magnetic material is often defined using the magnetic moment, which 

defines the force that a magnetic field will exert on some electric current, expressed 

in A - m2. The magnetization is the mean magnetic moment per unit volume of a 

medium, measured in A/m. In a magnetic medium, the B-field is calculated using 

the following relationship: 

B = IJ0(H + M). (2.3) 

It is quite difficult to know the exact level of magnetization within a medium due to 

a variety of factors. Conveniently, air may be assumed to be nonmagnetic, and thus 

is treated as free space, meaning that it is possible to use equation (2.2) to solve for 

the magnetic field strength directly provided that the magnetic flux density is known 

through measurements. 

The total magnetic field at any given point is the sum of the vector field contribu

tions of all sources. Therefore, when determining the magnetic field, all sources must 

be taken into consideration. Often, for convenience, sources with small magnetic field 

contributions at the measurement point may be neglected. 

2.2 Sources of Magnet ic Fields 

Magnetic field sources may be classified as either a moving electric charge or a 

magnetic moment, which are equivalent to current loops. Electromagnets are classi

fied into the moving electric charge category. Permanent magnets and ferromagnetic 

materials are classified into the magnetic moment category. Sources of magnetic fields 

are akin to sources of magnetic interference, and as such are treated as one and the 

same. 
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2.2.1 Electromagnets 

Magnetic fields are created whenever there is a moving electric charge such as an 

electric current. The magnitude of the magnetic field produced by an electromagnet 

is proportional to the current flowing through the circuit [5]. The direction of the 

magnetic field produced from an electromagnet can be found using the right-hand 

rule: the natural curl of the fingers will indicate the direction of the magnetic field 

produced when aligning the thumb of the right-hand with the direction of current 

flow, as shown in Figure 2.1. 

Magnetic Flux Lines 

• Current 

Figure 2.1: Basic electromagnet showing the magnetic flux lines wrapping around 
the current path, following the right-hand rule. 

Electromagnets are the magnetic field source of choice for many applications since 

they are capable of producing much larger magnetic fields than permanent magnets, 

and also because the magnetic field is easily controlled by varying the current. A 

special type of electromagnet called a Bitter magnet, is capable of producing the 

largest man-made fields, generating brief 45 T fields [4]. 

Also belonging to the electromagnet category are eddy currents. Eddy currents 

are generated whenever there is a changing magnetic field applied to an electrically 
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conductive material. They flow in planes perpendicular to the applied magnetic field, 

in closed loops [6]. Magnetic fields generated by eddy currents are typically small, 

but can be an issue depending on the size and proximity of the conductive material 

to some measurement point. 

GeoSurv II contains many electromagnetic sources. The most prominent sources 

are within the fuselage in the flight and mission avionics, where there are current loops 

which will generate static and transient magnetic fields. Additionally, the GeoSurv 

II prototype is controlled by servo actuators which utilize electromagnets to produce 

torque. Furthermore, the wiring runs leading to each servo actuator will be a source 

of magnetic field onboard GeoSurv II. The magnetic field produced by any wiring 

can be significantly reduced using the twisted pair method, which involves twisting 

wiring pairs around one another such the magnetic field produced by one wire will 

cancel with the other. 

Eddy currents are an issue for all geomagnetic survey aircraft, including GeoSurv 

II. Local magnetic field variations result in a transient magnetic field as experienced 

by the moving survey aircraft. If there are electrically conductive components on 

the aircraft, then they will generate eddy currents which are largest during angular 

variations resulting from flight manoeuvres. Design requirement 3.1.3 — 7 [3] was 

specified to avoid having electrically conductive material near the magnetometers. 

The magnetic fields produced by eddy currents which are farther than 0.3 m away 

from the magnetometers will not be a major source of magnetic noise for the UAS. 

It is also worth noting that the carbon fibre airframe is electrically conductive to a 

lesser degree than most metals, but may still present a problem when dealing with 

magnetic signature of the UAS. For this reason, it may be beneficial to use fibreglass 

for the construction of the wingtip fairings. 
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2.2.2 Magnetic Materials 

Magnetism in materials is generated by the electrons within. The spin motion of 

electrons about their own axis and the orbital rotation about the nucleus produce 

the magnetic moment of an individual electron. The movement and spin of the 

electrons essentially constitutes a moving electric charge, hence magnetic materials 

are often thought of as a collection of current loops [7]. In most atoms, the electrons 

will spin and orbit in such a way that the magnetic moment of each will cancel. 

In ferromagnetic materials, the magnetic moments of the individual electrons will 

combine to create a net magnetic moment. The net magnetic field of a material 

is due to the vector sum of the magnetic moments of all the electrons within the 

material [5]. 

Magnetic order describes the degree to which the atomic structure of a material 

behaves ferromagnetically. It is a relatively low temperature phenomenon, and occurs 

well below room temperature for most materials. Curie temperatures greater than 500 

K are needed for room temperature applications, which occurs in no more than 20% 

of known magnetic materials [4]. At the Curie temperature, the magnetic order of the 

specimen is destroyed and the specimen behaves paramagnetically. The late 3d metals 

such as iron, cobalt, nickel, and gadolinium, and their alloys, including intermetallic 

compounds and interstitial alloys, are frequently ferromagnetic [4]. Dilute alloys 

which contain less than 10% magnetic atoms cannot be expected to order magnetically 

at room temperature, if at all. 

Magnetic materials respond to changes in applied magnetic field strength by varying 

their level of magnetization, thus varying the magnetic field produced by the material. 

For example, if the strength of the applied magnetic field is increased, then the 

specimen will become more magnetized, and vice versa. This behaviour is more 
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commonly known as magnetic hysteresis [7]. 

Magnetic materials consist of many magnetic domains, which are tiny regions that 

each have net magnetization in a certain direction. The domains are separated by thin 

regions known as domain walls where the direction of magnetization rotates from one 

domain to the next. When a ferromagnetic specimen is initially formed, the magnetic 

domains will all be oriented randomly such that the net magnetization of the sample 

will be zero. When a ferromagnetic specimen is introduced to an applied magnetic 

field, the magnetic domains will a t tempt to orient themselves parallel to the applied 

magnetic field. This will occur incrementally until all of the domains are aligned with 

the applied field, a state that is referred to as saturation magnetization [4]. 

If the applied field is removed at any point during the magnetization process, the 

specimen will retain some of its magnetization, known as the remanent magnetization 

[4]. Permanent magnets are a great example of this process. The material used for 

the permanent magnet is exposed to an applied magnetic field, usually to saturation, 

such that when the magnetic field is removed, the specimen will have a remanent 

magnetization, and hence will behave as a permanent magnet. A typical hysteresis 

curve with diagrams of domain orientations is shown in Figure 2.2. 

Additionally, ferromagnetic specimens may become magnetized through cold work

ing. This is because the strain, particularly plastic strain, induced during cold working 

can cause the magnetic domains to be reoriented, hence changing the net magnetiza

tion of the specimen [9]. Other factors affecting the magnetization of a ferromagnetic 

specimen include thermal gradients, vibration, and the rate of change of the applied 

magnetic field. Therefore, since it is difficult to know the exact magnetic history of a 

specimen, it is extremely difficult to know precisely the magnetization of a specimen 

through time. 
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Figure 2.2: Basic hysteresis loop for a magnetic material [8]. The material will 
become magnetized with an applied magnetic field. If the applied field is large 
enough, the magnetization will reach saturation. If the applied field is removed, 
the material will retain some magnetization, known as the remanent magneti
zation. If the applied field is reversed, the magnetization will also reverse. 

It is possible to decrease the magnetization of a specimen in one of two ways. 

The first is through a process called degaussing. This involves cycling the specimen 

through a reversing applied magnetic field that slowly diminishes with time such that 

the magnetization of the object is decreased towards zero. It is impossible to fully 

demagnetize the specimen using this technique. The other method for demagnetizing 

a specimen is to anneal the specimen above its Curie temperature, which is specific to 

each material. By annealing the specimen above the Curie temperature, the magnetic 

domains within the specimen will randomly orient upon cooling in a magnetic field-

free environment, yielding a specimen with net zero magnetization [4]. 

The main source of magnetic noise onboard GeoSurv II comes from the permanent 

magnets within the servo actuators. These are magnetic materials that produce 

large magnetic fields. To a lesser extent, ferromagnetic materials used for fasteners 
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and other components will increase the magnetic signature of the UAS. Although 

the engine block is composed of aluminum which is nonmagnetic, components in 

the engine, such as the crankshaft and connecting rods, will be responsible for some 

magnetic noise. To reduce the combined effect of magnetic materials, the best strategy 

is to replace the magnetic components with nonmagnetic equivalents to the largest 

possible extent. 

2.3 The Magnetic Dipole 

Magnetic field sources are made up of one or more dipoles, as well as possible multi-

pole components. Magnetic dipoles are defined by their magnetic dipole moment, m, 

which specifies the force that the magnetic dipole will exert on some electric current. 

A magnetic dipole is an elementary magnetic quantity which may be represented by 

a tiny current loop of any shape, as long as the current flows in a plane [4]. The 

magnetic dipole moment of a current loop is defined as follows: 

m = I -A, (2.4) 

where I is the current circulating within the loop in Amperes, and A is the area of the 

loop in square metres, thus the units of m are A • m2. The magnetic dipole moment 

is oriented normal to the plane of current flow, in a direction that is determined by 

the direction of current flow using the right-hand rule. 

The magnetic field due to a magnetic dipole may be calculated using the following, 

which is an expansion of Gauss's Law for magnetism: 

4n 
3 (rh • f) f m 

\r\\ 
(2.5) 



24 

where f is the unit vector of the position vector, r, which extends from source to 

measurement point. It is important to note from (2.5), tha t the dipole field will 

decay proportionally to the inverse cube of distance. Magnetic fields decay at a rate 

proportional to 1/ | |r| |n where n = 3 for dipole sources and n > 4 for multipole 

sources [10]. Hence, in the far-field, which is defined by regions at distances greater 

than three times the source's largest dimension, the dipole field will dominate while 

the multipole field will contribute to a significantly lower portion of the total magnetic 

field. Figure 2.3 shows the difference between a quadrupole and dipole field. 
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Figure 2.3: Comparison of dipole and quadrupole flux lines. Magnetic quadrupoles 
may be represented by four magnetic dipoles in close proximity with opposing 
orientations. The orientation of each dipole is indicated. 

Additionally, if rotating the dipole source about some fixed point, and taking mea

surements at some fixed point in the measurement plane, it can be noted magnetic 

total field will vary from Br, to 0.5 -EL, . The locations of B„ will corre

spond to the points at which the dipole moment vector is most closely aligned with 

the position vector. This result is illustrated in Figure 2.4 for the magnetic point 

dipole shown in Figure 2.3a. 
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Figure 2.4: Behaviour of total magnetic field for dipole rotating about some fixed 

point. The field varies between B„ and 0.5 Br, for when the magnetic 

moment vector is aligned with and normal to the position vector, respectively. 

(2.5) is useful since most magnetic field sources may be accurately modelled as 

a magnetic dipole when performing a far-field analysis. If the distance from field 

source to measurement point is greater than three times the largest dimension of 

the field source, then the magnetic dipole approximation of magnetostatics may be 

utilized. The assumption made with the magnetic dipole approximation is that one 

or more magnetic noise sources may be modelled as a single point dipole provided 

that the magnitude of the position vector from the centre of the source geometry, r, 

is sufficiently large [1,11]. For multiple sources, the source geometry is defined by the 

longest distance between any two sources [12]. This approach is alternatively known 

as far-field analysis. 
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2.4 Geomagnetism 

The magnetic field at any given location on Earth is due primarily to three contrib

utors: Earth 's main field, diurnal effects, and magnetic anomalies. Magnetic fields 

measured during airborne geomagnetic surveys can range from 20,000 to 70,000 nT 

which is a result of all three contributors. Magnetic fields strengths provided in this 

section are at the Earth's surface or near-surface unless otherwise specified. 

2.4.1 Earth 's Main Field 

Earth 's main field behaves as a large magnetic dipole. Currents flowing in the liquid 

outer core of Earth are responsible for the main field, which obtains its principal 

alignment from the axial spin of the Earth [13]. Magnetic flux lines originating in 

the outer liquid core travel around the Earth from the Magnetic South Pole to the 

Magnetic North Pole, which is opposite to the convention used to describe the poles 

of magnetic dipoles [14]. The location of each pole changes gradually over time 

due to slow changes in the flow processes within the liquid core. Additionally, the 

magnetic field of the Earth has reversed several times throughout Earth 's history in 

a process that is not well understood. Earth 's main field is strongest near the poles, 

and weakest near the equator, with values of approximately 60,000 nT and 30,000 

nT, respectively [13]. 

2.4.2 Diurnal Effects 

Variations in the magnetic field that occur on short time scales are often due to 

diurnal variations. Diurnal variations are due to electrical currents in the Earth 's 

ionosphere. The solar wind, composed of neutral hydrogen atoms, protons, and elec

trons, originates from the sun and interacts with Earth 's main field to cause variations 

on the order of roughly 5 nT. Additionally, atoms within the ionosphere are ionized 
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by ultraviolet light from the sun, causing strong electric currents which can gener

ate magnetic fields of up to 80 nT: these variations subside at night when the local 

ionosphere is facing away from the sun [14]. Furthermore, solar storms may expel 

increased quantities of charged particles causing sudden increases in the geomagnetic 

field intensity. Other variations that may occur on short time scales may be due to 

the rotation and/or orbital motion of the Earth, sun and moon [15]. 

2.4.3 Magnetic Anomalies 

Magnetic anomalies on shorter scales (less than 500 km), are generally correlated 

with geological surface features [14]. These are often due to the magnetization of 

crustal rocks at depths ranging from a few meters to hundreds of kilometers [15]. Local 

magnetic anomalies provide information about the properties of the crust's geological 

structures [15]. The magnetic fields generated by concentrations of magnetic ores are 

known to produce local field variations of up to 10.000 nT at a distance of 25 m [14]. 

The magnetic field variations generated by anomalies decrease rapidly with altitude 

which results in minimal contributions at space elevations [13]. For this reason, 

geological anomalies are more easily identified at lower altitudes, hence providing 

motivation to develop unmanned geomagnetic survey aircraft. 

2.5 Literature Survey 

The section covers a literature survey that was conducted for the topics explored 

in this thesis: dipole modelling strategies, testing strategies, optimization strategies, 

and cancellation strategies. 



28 

2.5.1 Dipole Modelling Strategies 

Distributed multipole models, which model sources as a group of magnetic point 

dipoles, have been proposed by Lee and Son [16]. This approach was first described 

to account for varying permanent magnet shapes since single dipole models are only 

accurate for needle-like magnets. Distributed multipole models account for different 

magnet shapes by distributing a finite number of magnetic dipoles throughout the 

geometry of the magnet. Olsen and Lyon [10] use a similar approach, but take into 

consideration spherical and cylindrical multipole sources. Also, Roy [17] presents a 

method for characterizing the magnetic field of a spacecraft in terms of its multipole 

coefficients. The multipole approach is beneficial because it allows for the near-field 

to be modelled with increased accuracy over single dipole models which is useful for 

real-time modelling of magnetic fields within motors. However, increasing the number 

of dipoles adds complexity which may not be necessary when studying the magnetic 

far-field, as is the case for the GeoSurv II application. 

A simple and accurate method used to characterize a single point source was out

lined by Zaffanella, Sullivan, and Visinteiner [12]. The method involves treating 

sources as a single point dipole provided that the measurement points are in the 

far-field. The determination of the magnetic dipole components (mx, rhy, mz) is 

done through fitting (2.5) to magnetic field components measured experimentally at 

three points. The assumption is made that the position vector acts from the cen

tre of the source volume to the measurement point, which may not necessarily be 

true. Determination of the point dipole location within the source volume is then 

found through iteration using the magnetic dipole components calculated with the 

estimated position vector. 
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Although the method for characterizing sources presented by Zaffanella et al. is 

sound, there was not enough experimental data collected to precisely characterize the 

magnetic moment of a source. Additional measurement points at various orienta

tions and distances are needed to effectively characterize a source. Furthermore, the 

approach described in Zaffanella et al. involves treating the magnetic point dipole 

components separately from the position vector, when in fact the six parameters are 

interdependent and should therefore be calculated at the same time. 

The approach outlined by Zaffanella et al. was further expanded by Wells [1] by 

the addition of an extra magnetic dipole to represent each source in greater detail. 

The Modified Dipole Ellipse Model (MoDEM) characterized magnetic sources using 

two point magnetic dipoles of any orientation, with the minor dipole offset in the 

z-direction of the source from the major dipole. Both dipoles were constrained to 

be within the geometry of the source. The approach used by Wells utilized a min

imization algorithm (MATLAB fmincon) to fit the 10 MoDEM parameters (m^ j , 

V̂i,2/> "VI,ZJ ^2.D ^2.j/, ^2.z, 2Ti) y\, Z\, z0jfset) to data collected experimentally. The 

experimental data collected involved rotation of the source about its geometric centre 

at a known distance in a single plane. The experimental method and characteriza

tion strategy developed by Wells provides a better representation of the equivalent 

magnetic dipole than those in Zaffanella et al.. 

However, the results presented by Wells are biased towards magnetic fields within 

the plane of testing. All experimental data used for parametrization involved rota

tion about the source's z-axis in a single plane, resulting in a poor fit between the 

theoretical and experimental results for the z-component of the magnetic field, as can 

be seen in Figure 2.5. 
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x104 

Figure 2.5: Dipole source modelled using Wells' MoDEM model [1]. Note the 
modelled Bz component remains at the same value for the entire rotation, and 
does not follow the measured trend. 

This was due to an incomplete characterization of the magnetic dipole component 

parallel to the axis of rotation. In order to properly characterize all three vector com

ponents of the equivalent magnetic dipole it is necessary to perform measurements in 

multiple planes. The Dual Permanent Magnetic Dipole (DuPMaD) characterization 

strategy presented in this thesis is a variation of Wells' MoDEM which allows for full 

degrees of freedom in the placement of the two magnetic point dipoles within the 

source geometry, and utilizes experimental data collected in multiple planes of rota

tion at varying distances to provide a more accurate representation of all the vector 

components of the equivalent magnetic point dipole. 

Depending on the size of the source being modelled, it may be necessary to include 

additional magnetic dipoles to model larger sources of magnetic noise. Mehlem [18] 

outlines the use of up to 29 independent dipoles to model the magnetic signature of a 

satellite. This approach is useful for generating rough models of aircraft subassemblies 
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without needing to individually test each subassembly. The drawback is that using 

a large number of dipoles will inherently make the near-field more complex, and will 

make characterization computationally and experimentally expensive. 

2.5.2 Testing Strategies 

The majority of the current published literature studying magnetic signature re

duction strategies for vehicles has been completed for naval vessels. The reason being 

that naval mines often use the disturbance in the background field caused by the pres

ence of a ship or submarine as a triggering mechanism. Additionally, aircraft similar 

to those used for geomagnetic surveys may be used to locate submerged submarines 

through the detection of local magnetic anomalies. 

Kildishev, Nyhenuis, Boyko, Dobrodeyev, and Volokhov [19] present a method for 

determining the magnetic centre of an unmanned underwater vehicle(UUV). The 

magnetic centre is defined as the location at which the placement of an appropriate 

compensating dipole and quadrupole will essentially eliminate the first eight coeffi

cients of a spherical harmonic expansion of the magnetic scalar potential. Kildishev 

et al. [19] locate the magnetic centre by moving a UUV through a series of sense coils. 

Measurements were taken at incremental distances, allowing for the determination of 

the optimal size and location of a cancellation dipole near the magnetic centre. The 

coils used in [19] require a dedicated room within a magnetically quiet facility, which 

incurs large resources and costs. A simpler and less expensive alternative must be 

devised for smaller projects such as the GeoSurv II. 

An experimental investigation on the magnetic signature of an autonomous rotat

ing wing UAS-magnetometer system was presented by Versteeg, McKay, Anderson, 

Johnson, Selfridge, and Bennett [20]. The effect of orientation on magnetic signature 
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for various separation distances (stinger lengths) between the sensor and UAS was 

studied. The experimental apparatus used was itself not magnetically quiet, requir

ing data correction to determine true values of the magnetic field at each orientation 

Additionally, the orientation was correlated to the time elapsed for rotation at a pre

sumed constant rate, but the rate likely was not constant since the platform was 

rotated manually, leading to errors in the orientation calculation. A better solution is 

to take readings incrementally at known orientations to maintain explicit knowledge 

of UAS orientation. Versteeg et al. [20] also conducted a pullover test, which involved 

moving the UAS past a fixed sensor to determine the magnetic signature of the UAS. 

The effect of the powered engine was also studied during the pullover test. However, 

the data was not correlated to the source-sensor distances, and hence no analysis 

was completed to pinpoint the locations and magnitudes of the main contributors of 

magnetic noise. Figures 2.6a and 2.6b show the test apparatus used by Versteeg et 

al. [20]. 
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(a) Orientation Test 

Figure 2.6: Experimental apparatus used by Versteeg et al. [20]. In (a), the test 
rig was rotated manually at a semi-constant rate, allowing for an approximate 
calculation of heading. In (b), the test rig was translated manually, but data 
was not correlated to UAS position relative to the magnetometer. 
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Using experimental methods that involve moving the vehicle past some fixed sensor, 

such as was done by Kildishev et al. [19] and in the pullover test by Versteeg et al. [20], 

it is possible to use different analysis techniques to isolate magnetic dipoles within the 

vehicle. Ginzburg, Frumkis, Kaplan, Sheinker, Lerner, and Salomonski [21,22] suggest 

using genetic algorithms and simulated annealing. As well, Alimi, Geron, Weiss, and 

Ram-Cohen [23] utilized a Levenberg Marquardt algorithm to locate and characterize 

magnetic dipoles within larger assemblies. These approaches are beneficial for low 

signal to noise ratios (SNR), which is often the case for magnetic anomaly detection 

involving relatively large source-sensor distances. For the GeoSurv II testing covered 

in Chapters 4 and 7, the source-sensor distances are controlled to provide a favourable 

SNR, allowing simpler analysis techniques to be implemented. 

Bono, Overway, Wynn, Allen, Purpura, and Matthews [24-26] present an alter

native experimental method which involves attaching a UUV to a three-axis motion 

table rocking at known frequency. Several total-field magnetometers are positioned 

around the motion table and on the UUV, and the data was analyzed in the fre

quency spectrum to localize magnetic field sources. Allen et al. [25,26] also present a 

method similar to the pullover test discussed by Versteeg et al. [20], which involves 

a set of magnetometers arranged in a gradiometer configuration located as closely as 

possible to the movement track. Both approaches were utilized on multiple UUV's, 

allowing for the localization of several noise sources and the improved selection of 

suitable magnetometer locations. A similar method to the gradiometer test outlined 

in [25,26] was used to analyze the magnetic signature of GeoSurv II, as is described 

in Chapter 7. 
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2.5.3 Optimization Strategies 

Since the magnetic field at any point in space is the vector sum of all magnetic 

fields at tha t point, it presents the opportunity to configure the local magnetic field 

sources so that the net effect in a region of interest is minimized. Previous work 

was completed on this topic by Wells [1]. Wells' Optimal Field Attenuation (OFA) 

strategy optimizes the configuration (location and orientation) of a finite number of 

magnetic field sources such that the net effect in some defined region (or regions) 

of interest is minimized. The OFA approach yielded promising results which were 

experimentally validated in [1]. 

The OFA optimization and experimental validation allowed only rotations about 

the vertical axis (servo z-axis as defined in [1]). Additionally, in the OFA scheme 

each source may assume any orientation about the axis of rotation, presenting the 

possibility of positioning servo actuators in orientations where their mechanical lever

age cannot be effectively used. This is disadvantageous from a practical standpoint. 

Onboard GeoSurv II, the servos must assume orientations which are normal to the 

coordinate planes of the aircraft to promote ease of installation and effective use of 

their mechanical leverage. Furthermore, the OFA strategy optimizes over a defined 

optimization area (2-Dimensions), when in reality it is necessary to optimize over 

an optimization volume (3-Dimensions), as is the case with GeoSurv II. For these 

reasons, a new optimization algorithm was developed in this thesis and is presented 

in Chapter 8. 

2.5.4 Cancellation Strategies 

There are multiple ways to decrease the effect of single magnetic noise sources. 

Shielding is the most common method of protecting against unwanted magnetic fields. 

Regions can be shielded using a variety of means depending on the nature of the field 
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that is to be negated. Static fields, tha t is magnetic fields which do not vary with time, 

may be compensated by super-positioning additional magnetic field sources (perma

nent magnets or electromagnets) of equal magnitude and opposite polarity such that 

the magnetic flux lines are locally contained. This method was implemented and 

experimentally validated as shown in Chapter 6. Transient fields, which are magnetic 

fields that vary with time, may be compensated by using a pair of Helmholtz coils to 

create a uniform magnetic field within the region of interest, and an external refer

ence sensor to monitor changes to the background field. The use of three orthogonal 

Helmholtz coils allows for control of the three vector components of the magnetic 

field within the region of interest. Shielding of high frequency magnetic fields can be 

accomplished using a Faraday cage. 

Both static and transient magnetic fields may also be compensated for using high 

magnetic permeability materials, such as Mu-metal, which provide a low reluctance 

path for the magnetic field. By enclosing regions of interest in high magnetic perme

ability materials, it is possible to create regions where the external magnetic field is 

practically negated within the enclosed region. This will also cause the external mag

netic field to be larger near high magnetic permeability materials. An experimental 

investigation into the use of Mu-metal to shield a servo actuator was conducted by 

Forrester [27]. The conclusions of [27] indicate that the use of magnetic shielding 

results in a magnetic field that does not vary significantly with orientation, lead

ing to the conclusion tha t the effect measured during experimentation was due to 

the interaction of the high permeability shield with the local background field. This 

implies that the magnetic flux originating in the servo was effectively contained by 

the shielding layers. The shielding decreased the mean absolute magnetic field for 

most testing sequences, which may be seen in Figure 2.7. The use of high magnetic 

permeability materials for the GeoSurv II application may be useful for large, single 
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magnetic noise sources, however the effect on the background magnetic field should 

be experimentally validated for each source and shielding configuration. 
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Figure 2.7: Effect of Mu-metal shield on Hitec HSM-7990TG servo at a distance 
of 0.33 m for rotations about the servo's x- (top left), y- (top right), and z-
(bottom left) axis. The shielded scenario yielded lower mean absolute magnetic 
field interference over each 360° rotation. 



Chapter 3 

Measuring Magnetic Fields 

3.1 Introduction 

There are many different ways to measure the magnetic field, and thus many differ

ent types of magnetometers. The choice of magnetometer depends on, among other 

factors, the range, resolution, physical dimensions, and whether the vector or total 

field is required for the desired application. Additionally, to measure magnetic fields 

accurately, measurements must be completed in environments that do not affect the 

local magnetic field. This chapter will cover the magnetometers and facilities used 

for testing, as well as the measurement system on the final GeoSurv II design. 

3.2 Facilities for Magnetism Testing 

Facilities for magnetism testing must not have a local magnetic field that varies 

significantly with time or space. Features within the facility such as ferromagnetic ma

terials, permanent magnets, or electromagnets cause magnetic field gradients which 

can cause measurement errors [15]. The dominant component of any magnetic field 

is the dipole which decreases proportionally to the inverse cube of distance. Hence, 

the best way to avoid interfering magnetic fields is to position magnetic objects as 
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far away as possible from the measurement location. Refer to Table 3.1 for a list of 

distances at which some common objects will produce a magnetic field deviation of 

1 nT. 

Table 3.1: List of distances at which some common objects will generate a magnetic 
field of 1 nT. if configured appropriately [15]. 

Object 

Belt buckle 

Watch 

Screwdriver 

Hammer 

Motorcycle 

Car 

Bus 

Source - Sensor Distance [m] 

1 

1 

1 

4 

20 

40 

80 

In order to eliminate measurement errors, it is necessary to perform magnetism 

testing at facilities that have been designed to minimize spatial magnetic field gradi

ents and to reduce the transient field effects towards a constant magnetic field. These 

are created using primarily nonmagnetic materials, and by positioning any sources of 

magnetic interference far enough away from the test area to not affect measurements. 

Some facilities, such as magnetic resonance imaging (MRI) facilities, use shielding to 

eliminate local magnetic interference when the fields to be measured are extremely 

small (< 0.2 nT) and when equipment is sensitive to large magnetic fields [28]; this 

is not the case for the testing involved in this project. 

Selection of proper testing facilities involves the investigation of all features - build

ings, equipment, infrastructure - around the facility to determine if it is suitable for 

testing. If the local magnetic field gradients are small, changes in the background 
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field may be recorded using a reference sensor which is positioned far enough away 

from the measurement area such that it measures only variations in the naturally 

occurring background field, allowing transient local field variations to be removed in 

post-processing. It is important to note that if using vector magnetometers, it is nec

essary that the reference and measurement sensors be aligned or to have knowledge 

of their orientations relative to one another. 

Testing completed during this project was performed at three primary locations: 

Carleton University Campus, Natural Resources Canada's Geomagnetic Laboratory, 

and at SGL's headquarters in Ottawa. These facilities will be described in this section, 

and their suitability as magnetic field testing environments will be discussed. 

C a r l e t o n U n i v e r s i t y C a m p u s and SGL H e a d q u a r t e r s 

Testing at both the Carleton University Campus and SGL Headquarters was con

ducted for two main reasons: a) to refine experimental apparatus and testing proce

dures, and b) to collect measurements in order to determine the approximate magnetic 

signature of particular components. Both facilities were not ideal for magnetism mea

surements, but nonetheless useful data was collected. Before any experiments were 

conducted it was necessary to determine the suitability of each location for testing. 

Since neither location was built to be magnetically quiet, they were both susceptible 

to the many sources of magnetic noise within the immediate vicinity. 

Therefore, due to the large quantity of magnetic noise sources, the magnetic field 

gradients within each location are too large to effectively utilize reference sensors. 

This is because the background variation at the measurement sensor may not be of 

the same magnitude as at the reference sensor, thus making it difficult to properly 

remove background transient fields. Therefore, it was necessary to determine the 
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magnetic behaviour of each location over the course of one or more days to quantify 

the expected magnetic noise deviation. 

Testing at Carleton University was originally planned in the Visualization and 

Simulation (VSIM) Building at the South West corner of campus. It was found that 

there were large fluctuations in the magnetic field associated with elevator use. As 

can be seen in Figure 3.1, fluctuations of ~ 2,500 nT are associated with elevator use, 

potentially followed by an offset in the background field depending on which floor the 

elevator stopped. 
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Figure 3.1: Magnetic field behaviour in the Carleton University Visualization and 
Simulation Building, room 3219 over the course of a day. Measurements were 
taken from 09 May 2010 at 12:51 EST to 10 May 2010 at 12:51 EST. Movement 
of the elevator results in a ~ 2,500 nT variation, which accounts for the daily 
fluctuation. 

Due to the unsuitability of the VSIM building, two locations for testing in the 

Mackenzie Engineering (ME) Building were surveyed. Figure 3.2 shows that the 

magnetic field behaviour in ME2180 over a 24-hour period is relatively undisturbed 

compared to VS3219. Although ME2180 is still susceptible to large fluctuations in the 

background field, it was deemed to be the most appropriate location for magnetism 

testing out of the limited number of locations tested on the Carleton University 

campus. 
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Figure 3.2: Magnetic field behaviour in the Carleton University MacKenzie En
gineering Building, room 2180 over the course of a day. Measurements were 
taken from 12 May 2010 at 17:07 EST to 13 May 2010 at 17:07 EST. The daily 
variation is ~ 55 nT, with the largest fluctuation being ~ 35 nT. 

Additionally, SGL Headquarters was used for shorter testing sequences, lasting less 

than a few days, and not requiring a completely magnetically quiet environment. As 

shown in Figure 3.3, the magnetic field fluctuates least between 17:00 and 06:00, thus 

testing completed at SGL was conducted within this window. 
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Figure 3.3: Magnetic field behaviour at SGL Headquarters over the course of a day. 
Measurements were taken from 06 April 2011 at 16:07 EST to 07 April 2011 at 
15:39 EST. The maximum variation during off-peak hours is ~ 25 nT, with a 
daily variation of ~ 200 nT. 

Geomagnetic Laboratory 

The majority of testing was conducted at the Geomagnetic Laboratory of Natural 

Resources Canada which is located approximately 11 km east of the Carleton Univer

sity campus. The facility is in a location that is negligibly affected by the magnetic 

noise generated by the City of Ottawa, and is located on a 30 hectare compound 

containing 16 buildings of nonmagnetic construction. All of the indoor testing was 

completed in Building 4, which is also referred to as the Absolute Building, which 

is shown in Figure 3.4. The Absolute Building is used for baseline calibration of 
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magnetic field measurements for the Ottawa observatory as part of the International 

Real-time Magnetic Observatory Network (INTERMAGNET). 

Absolute Building _ _^J**M 

i t : , i •. 

/ 
CO \ / 

Figure 3.4: Absolute building and surrounding pathways at the Geomagnetic Lab
oratory 

Outdoor testing was completed on the pathways surrounding Building 4, with the 

exception of the powered engine test which was conducted near the Calibration Build

ing. The Geomagnetic Laboratory was proven to provide an environment with mini

mal magnetic field gradient and only naturally occurring variations in the background 

field, allowing for the completion of accurate magnetic signature testing. The daily 

field variation may be seen in Figure 3.5. 
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F i g u r e 3.5: Magnetic field behaviour at the Geomagnetic Laboratory over the course 
of a day]. Measurements were taken from 23 June 2010 at 00:00 UTC to 23 
June 2010 at 23:59 UTC. The maximum variation during off-peak hours is 
~ 10 nT, with a daily variation of ~ 25 nT. Data collected at the Ottawa 
INTERMAGNET Observatory (www.intermagnet .org) . 

3.3 GeoSurv II Magnetic Measurement System 

GeoSurv II is designed to carry one or two Geometries G-822A optically pumped 

Cesium magnetometers and one Billingsley TFM100 triaxial fluxgate magnetometer. 

Both magnetometers will be briefly described in this section. 

3.3.1 Optically Pumped Cesium Magnetometer 

Optically pumped Cesium magnetometers measure the total field in high resolution 

on the order of 0.01 nT. Cesium magnetometers are sensitive to orientation and will 

only operate in certain orientations relative to the local magnetic field. They are the 

http://www.intermagnet.org
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magnetometer of choice for geomagnetic surveying since they allow for high resolution 

measurements at high frequencies, with inherently low noise [13]. The Geometries G-

822A optically pumped Cesium magnetometer is shown in Figure 3.6. 

Figure 3.6: Geometries G-822A optically pumped Cesium magnetometer. 

Optically pumped Cesium magnetometers operate by exciting Cesium vapour 

atoms using light of a proper wavelength. This causes the Cesium atoms to jump 

to a higher energy level. The excited Cesium atoms then reemit energy in the form 

of a photon, and drop to a lower energy state than they originally occupied [28]. 

When all of the Cesium atoms within the vapour cell are in this lower energy level, 

the sample no longer absorbs light and is said to be polarized. An alternating mag

netic field of varying frequency is then applied until the Cesium atoms return to their 

original energy level which is detected by the absorption of light, at which point the 

process starts again [13]. The local magnetic field will dictate the energy level of the 

polaiized state. Hence, the frequency of the applied magnetic field that corresponds 
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to the point at which the Cesium atoms return to the original energy level, known as 

the Larmor precession frequency, may be correlated with the magnitude of the local 

magnetic field. 

3.3.2 Fluxgate (Saturable-Core) Magnetometer 

Fluxgate magnetometers are used to measure the vector magnetic field in the range 

of approximately 10~10 to 10~4 T. They are best suited for measurements which have 

a desired resolution in the 1 nT range. Fluxgate magnetometers are composed of 

a magnetically susceptible core wrapped with two separate wire coils, an excitation 

coil and a sense coil. An alternating current is passed through the excitation coil, 

magnetizing the core. The magnetization of the soft core will change with the polarity 

and magnitude of the excitation voltage, as well as with the local magnetic field. The 

alternating magnetic field produced by both the excitation coil and the core induces 

a current within the sense coil, which can then be correlated to the magnetic field 

magnitude acting along the direction of the two coils [28]. The use of three orthogonal 

(triaxial) coils allows for the measurement of all vector components of the magnetic 

field. The Billingsley TFM100 triaxial fluxgate magnetometer is shown in Figure 3.7. 

Fluxgate magnetometers are inexpensive compared to other magnetometer tech

nologies, as well as being rugged, reliable and compact. Furthermore, they contain no 

moving parts, and are temperature stable [28]. Applications of fluxgate magnetome

ters include aircraft and vehicle navigation, geophysical prospecting, and detection of 

ferromagnetic objects. 
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Figure 3.7: Billingsley TFM100 triaxial fluxgate magnetometer. 

3.3.3 Sensors Used for Testing 

The sensors and data acquisition system used for testing were supplied by SGL. The 

sensors used were the Geometries G-822A optically pumped Cesium magnetometers 

and the Billingsley TFM100 triaxial fluxgate magnetometer, the same sensors that 

will be on the final GeoSurv II design Most experiments involved the use of at least 

two sensors. 

Additionally, a Foerster Magnetoscop was used to locate magnetic components. 

The magnetoscop utilizes a single uniaxial fluxgate to measure local magnetic fields. 

It is a hand-held unit with a display which indicates the deviation in the local back

ground field caused by a component The specific configuration of sensors used during 

testing will be outlined for each test proceduie in Chapters 4 and 7. 

A sensitivity analysis was conducted to determine the optimum sample hold time for 

static experiments by recording 12 one minute long intervals at a sampling frequency 

of 160 Hz. The one minute long intervals were further broken down into samples 
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whereby measurements were defined as the first N seconds of each interval, where 

N = 1,2,3,4,5,10,15,20,25,30,40,50, or 60 seconds. The standard deviation was 

taken for each sample hold time and averaged over the 12 intervals; the samples were 

not corrected for the changes in the background magnetic field. The results show that 

the sample standard deviation increases with hold time, as can be seen in Figure 3.8. 

For this reason, it was decided to keep static measurement intervals to 5 seconds or 

less. 
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Figure 3.8: Sensitivity analysis for sensor hold time. The Bx, By, and Bz mea
surements are for a Billingsley TFM100 triaxial fluxgate magnetometer, and 
the Btot measurement is for a Geometries G-822A optically pumped Cesium 
magnetometer. The results were not corrected for changes in the background 
field. 
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Chapter 4 

Testing and Analysis of Components of 

GeoSurv II Pro to type 

4.1 Introduction 

This chapter details a thorough investigation of the magnetic signature of individual 

components on the GeoSurv II prototype. This investigation was necessary to locate 

and identify the components which have the greatest contribution to the wingtip 

magnetic noise. Three main contributors were identified early in the investigation. 

They are, in order of significance, the servo actuators, the engine and engine assembly, 

and the avionics package. All experiments listed in this chapter are explained in 

greater detail in [29]. 

4.2 Experimental Procedure and Analysis Meth

ods 

There are three experimental methods that were used for the majority of the com

ponent testing: magnetic component localization, rotational testing, and gradiometer 

testing. All three will be described in this section. As well, common equations used 
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for the data analysis are presented. In this chapter, any deviations from these ex

perimental procedures and use of analysis equations will be noted in the respective 

sections. 

4.2.1 Magnetic Component Localization 

Before beginning component testing it was necessary to identify the components 

with the largest magnetic signature, so that they could be given greater attention. A 

Foerster Magnetoscop was used to identify problem components. As was discussed 

in Section 3.3.3, the Foerster Magnetoscop utilizes a single uniaxial fluxgate to mea

sure local magnetic fields. Since it is handheld, it allows for the quick identification 

of magnetic components. Alternatively, magnetic components may also be located 

using permanent magnets which are attracted to other permanent magnets and fer

romagnetic material. 

The magnetic field effect at a set distance was measured for each component using 

the Foerster Magnetoscop. From this investigation, a summary of problem com

ponents was produced, allowing for a prioritized list of problem components to be 

created, as may be found in [30]. 

4.2.2 Rotational Testing Procedure 

Rotational testing involves measuring the magnetic field at a fixed point for an 

object at a known distance that is being rotated in a controlled manner. As was 

covered in Section 2.3, the total magnetic field of a dipole will vary between Br, 

and 0.5 Bn for when the magnetic moment vector is most closely aligned with 

and normal to the position vector, respectively. Rotational testing seeks to take 

advantage of this behaviour. 
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This testing requires the use of two magnetometers; one as a measurement sensor 

and the other as a reference sensor. The general procedure is illustrated in Figure 

4.1, and is conducted as follows: 

1. Place the measurement sensor on the measurement platform, and level the plat

form. 

2. Place the reference sensor far enough away from the measurement platform so 

that it measures only variations in the background magnetic field. If using 

vector magnetometers, align the reference sensor with the measurement sensor. 

3. Place the test component far enough away from both sensors such that neither 

sensor is affected. Make a record of the readings at both magnetometers to 

establish a baseline without the component present. 

4. Set the component on the test platform at a known orientation and distance 

relative to the measurement magnetometer. Take a measurement. 

5. Rotate the component by some incremental angle about one of its geometrical 

axes at some defined fixed point. Record the magnetic field values at this 

orientation. 

6. Repeat step 5 until 360 degree rotation is completed. It is beneficial to repeat 

step 3 at least once throughout the rotation if the experiment takes longer than 

roughly 10 minutes. 
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Specimen 

Figure 4.1: Illustration of rotation test used during testing. Test component is 
rotated about one of its geometrical axes at a known fixed point. Measurements 
are taken at incremental angles spanning a full rotation. 

The rotation test may be completed for rotations about more than one component 

axis. Also, a custom nonmagnetic experimental apparatus is needed to maintain 

control over position vectors and component orientations. 

4.2.3 Gradiometer Testing Procedure 

The objective of gradiometer testing is to measure the behaviour of the magnetic 

field with distance from two or more magnetometers arranged in a gradiometer con

figuration. The gradiometer configuration allows for additional detail about the mag

netic field that cannot be obtained from a smgle magnetometer. The data is useful 

for determining the magnitude of the magnetic noise effect of a component, and may 

be used for characterization. The general trend for this type of testing results in near 
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zero magnetic field effect at large source-sensor distances, with the greatest magnetic 

field effect corresponding to points with the smallest source-sensor position vector for 

each dipole. 

Ideally, this testing is completed with three magnetometers (two for measurement, 

one for reference), but may be completed with two magnetometers if the background 

magnetic field does not change substantially during the experiment. The general 

procedure is illustrated in Figure 4.2, and is conducted as follows: 

1. Place measurement sensors close to but not obstructing the translational path 

of the component. Level and align sensors relative to each other. 

2. If using a reference sensor, place far enough away from the translational path 

so that it is measures only variations in the background magnetic field. If using 

vector magnetometers, align the reference sensor with the measurement sensors. 

3. Place the test component far enough away from all sensors such that no sensor 

is affected. Make a record of the readings at all magnetometers to establish a 

baseline without the component present. 

4. Set the component at some known location on the translational path, aligning 

it in the desired orientation. Take a measurement. 

5. Maintaining the same orientation, move the component along the path by some 

known incremental displacement. Record the magnetic field values at this ori

entation. 

6. Repeat step 5 until the desired distance has been reached. It is beneficial to 

repeat step 3 at least once throughout the experiment if it takes longer than 

roughly 10 minutes. 
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Figure 4.2: Illustration of gradiometer test used during testing. Test component 
is incrementally translated along a straight trajectory with stationary magne
tometers located on both sides of the path at some fixed location. The fixed 
location is usually at the midpoint of the motion path. 

Multiple translational axes relative to the component coordinate system may be 

used during gradiometer testing to provide additional data. A reference track must be 

defined for the component path, which can be accomplished using a variety of means. 

Distances from each sensor relative to the track must be measured and recorded to 

obtain proper position vectors. Additionally, if components must be mounted on a 

mobile test fixture to allow for easy translation, the test fixture must be nonmagnetic 

to avoid contaminating results. 

4.2.4 Analysis Methods 

This section outlines the methods most often used for experimental analysis. These 

methods are common for many of the experiments conducted, and will be referenced 

in the explanation of each individual experiment that they apply to. Analysis methods 

which are specific to certain tests will be presented with the corresponding experi

ments. 
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For the majority of experiments conducted, a baseline reading was obtained to 

determine the background magnetic field without the test components present. This 

was useful to determine an offset, 5j.0 / / s e t , for magnetic field values. For experiments 

involving a reference sensor, the baseline may be defined by a single measurement of 

the magnetic field difference before the specimen was introduced to the measurement 

area. Alternatively, some analyses, usually involving experiments without a reference 

sensor, treated the baseline as the mean value of measurements taken without the 

specimen present at the beginning and end of each testing sequence, as calculated 

below: 

-^i.offset [-Hi,baseline,start i -^i,baseline, finish I / ^ j \^-^) 

where BiMsehne,start and BiMselinejinish are the baseline readings taken at the start 

and finish, respectively, of each testing sequence for magnetometer i. This approach 

is less accurate, therefore, in order to avoid larger baseline errors, it is suggested that 

experiments be well planned and executed within a short time. 

The offset was removed from each measurement as follows: 

£>i,of f setremoved -^i, measurement -*-*i,offseti V^ / 

where Bi,measurement is the raw measurement value for magnetometer i. For analysis 

not involving a reference sensor, Bi^0ffsetremoveci is then treated as the true magnetic 

field effect for the measurement condition. If a reference sensor is utilized, changes in 

the background field may be calculated using (4.2), yielding Bref!0ffsetremoved, where 

Bref.measurement is the magnetic field value during some measurement, and -Bre/,o//set is 

the magnetic field during the baseline reading, both taken at the reference sensor . The 

background field changes may then be removed from each reading for measurement 



sensor i using the following: 
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•L^i,corrected &i,of/set removed J^rej,offset removed i \^-^) 

where Bioffsetrernoved and Breft0ffsetremoveci are the magnetic field effect values for 

measurement sensor i and the reference sensor with offsets removed, respectively. (4.3) 

will correct for any changes in the background field occurring during measurements. 

Gradiometer readings help to reveal additional detail about geological survey areas 

and components, and provide a means of measuring magnetic field gradients. To 

calculate gradiometer values, AB. the difference in corrected magnetic field effects 

between measurement sensors 1 and 2, Bixorrected and £?2,correrfed is taken as follows: 

A fi ^\.corrected ^2,corrected / . A\ 

l\B = , (4.4) 

where d is the distance between magnetometer locations. This yields a value with 

units nT/m. 

4.3 Servo Actuator Testing 

The servo actuators on the current GeoSurv II prototype, the Hitec HSR-5990TG 

coreless digital robot servo, were identified as the main contributor of magnetic noise 

onboard the aircraft. For this reason, primary focus was given to the servo actuators. 

Three different configurations were studied, as defined in Figure 4.3. Additionally, 

rotational testing was completed for the Hitec HSM-7990TG servo, which was selected 

to replace all Hitec HSR-5990TG servos on GeoSurv II due to its increased capacity 

and suitability for unmanned aircraft. The coordinate system used for the Hitec 

HSM-7990TG servo was defined to be the same as for the Hitec HSR-5990TG. with 
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the origin also at the geometric centre. 

Figure 4.3: Hitec HSR-5990TG servo configurations used during testing: (a)Single, 
(b)Dual, (c) Dual Counteroriented. The coordinate system for the servo is 
displayed in (a); the origin is at the geometric centre of the servo. 

In addition to the testing mentioned in this section, a study similar to the one 

outlined by Yamazaki and Kawamoto [31] to determine the magnetic centre of the 

Hitec HSR-5990TG servo was completed. Knowledge of the location of the magnetic 

centre is necessary to determine position vector used for calculating the magnetic 

field effect of a source at some point in space. This test involved translating the 

servo between two magnetometers, and attempting to find the location at which the 

magnetic field effect was identical at both sensors. This process was repeated for 

movement along all servo axes, but yielded inconclusive results, which are outlined 

in [29]. 

4.3.1 Determination of Rate of Decay of Magnetic Field 

Magnetic fields will decrease in magnitude with distance from the source. The 

rate at which the magnetic field decreases with distance, rate of decay, is dependent 

on the nature of the magnetic field source. The objective of this experiment was to 

verify the rate of decay of the magnetic field effect for different servo configurations. 
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As was covered in Section 2.3. the rate of decay of an ideally dipolar field will be 

proportional the inverse cube of distance. The experimental procedure used for this 

test is a variation of the gradiometer test outlined in Section 4.2.3 which utilizes only 

a single measurement sensor, along with a reference sensor. Each servo configuration 

was moved at incremental distances away from the measurement sensor, along the x-, 

y-, and z- servo configuration axes. 

The data was analyzed using (4.1), (4.2). and (4.3) to remove the effect of the 

background field. As was expected, the rate of decay of the magnetic field for each 

servo was consistent with the behaviour of a permanent magnetic dipole. The results 

of this test may be seen in Figure 4.4 for the single, dual, and dual counteroriented 

configurations. 
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Figure 4.4: Magnetic total field rate of decay results for different Hitec HSR-5990TG 
servo configurations. Increasing distance along the x- (top left), y- (top right), 
and z- (bottom) axis of a single servo. The dual servo configuration is seen 
to have the largest effect, and the dual counteroriented configuration has the 
smallest effect. 

From Figure 4.4, it can be noted that the magnitude of the magnetic field is much 

larger for the dual servo configuration than for the other two configurations. Also 

interesting is that the magnitude of the magnetic field for the dual counteroriented 

servo configuration displays smaller magnetic field values than a single servo for two 

of the three directions. It can also be noted that for dual counteroriented servos, the 

Y component of the magnetic field along the X direction actually increases slightly in 

the near field region before it begins to decrease at a rate consistent with a magnetic 

dipole, as can be seen in the vector component plots in Appendix A, Figures A.l 
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to A.3. This is due to the multipole effects of counterorienting the two servos. The 

results of this experiment reveal that the magnetic signature of servo pairs may be 

reduced by simply counterorienting each servo in the pair with respect to one another. 

4.3.2 Static Field Variations for Servos Under Rotation 

The primary experiment conducted on each servo was the rotation test described 

in Section 4.2.2. This procedure yields the most useful data for the characterization 

schemes outlined in Chapter 5. For this test procedure, two magnetic moment test 

apparatus (MMTA) were designed and constructed to allow for precise control of the 

position vectors and angles measured experimentally. The MMTA-ID allowed for 

rotation only about the x-axis of the Hitec HSR-5990TG servo at distances of 0.20 

m, 0.25 m, and 0.30 m, and was used to collect preliminary data. The MMTA-ID is 

shown in Figure 4.5. 
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Figure 4.5: MMTA-ID test apparatus with servo. The servo is fastened to the 
servo mount which is fastened to the rotation base. The rotation base has holes 
drilled at 15° intervals which are aligned using dowels to control the orientation 
and position vector of each measurement. 

The MMTA-3D was an improvement on the MMTA-ID, allowing for rotations 

about all three axes of components smaller than 0.127 x 0.127 x 0.127 m at distances 

varying from 0.16 m to 0.64 m in 0.02 increments in the -z-direction from the fluxgate 

centre as referenced to the coordinate system in Figure 4.6a. The MMTA-3D is 

capable of measuring the magnetic field at 136 unique points around each component 

at each incremental distance. It is constructed from entirely nonmagnetic and non-

conductive materials: high density polyethylene (HDPE), nylon, and ABS plastic. It 

was designed to be modular such that testing of any new specimen would only require 

the fabrication of a single component, the component mount. The MMTA-3D has 

four main components: 

• Base Plate: The base plate was necessary to ensure that the source-sensor y- and 

z-position vectors are controlled. It is a flat HDPE sheet with holes drilled along 

Fluxgate 

late 
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the z-axis with 0.02 m separation intended to allow the component to be tested 

at varying distances. It also has mounting holes for fluxgate magnetometers. 

• Support: The support is composed of the support base and the two support 

sides. The support base has holes at intervals of 15° at a radius of 0.06 m. This 

allows measurement of the magnetic field about the specimen. The support 

sides, along with the thickness of the support base, provide the constant x-

position vector that is used during testing. The sides have mounting holes for 

the frame. 

• Frame: The frame was constructed such that it can fit within the support in 

six different configurations (+x, -x. +y, -y, +z, -z). It includes mounting holes 

for the component mount. 

• Component Mount: This piece holds the component being tested, and is spe

cific to individual components. It must be designed such that the geometrical 

centre of the component is aligned with the centre of the frame. It may be 

manufactured using a rapid prototyping machine. 
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Figure 4.6: MMTA-3D test apparatus with servo in diffeient configurations The 
support has holes drilled at 15° intervals which are aligned using dowels to 
control the orientation and position vectoi of each measurement 

The test procedure for this experiment follows the rotation test outlined m Sec

tion 4 2 2 Measurements were taken in 15° mcrements, and baseline readings were 

taken before the 0°, 90°, 180°, 270°, and after the 345° measurements A reference 
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sensor was utilized, so the true magnetic measurement values were obtained using 

(4.1), (4.2), and (4.3). The results of this test may be seen in Figures 4.7 for the 

MMTA-ID apparatus, and in Figures 4.8 and 4.9 for the MMTA-3D apparatus. The 

data shown in Figures 4.8 and 4.9 is useful for characterization strategies since it 

provides magnetic field readings at locations surrounding each servo, along different 

measurement planes. 

0 45 90 135 180 225 270 315 360 
Servo Orientation [degj 

Figure 4.7: Magnetic field vs rotation for a single Hitec HSR-5990TG servo collected 
using MMTA-ID at a distance of 0.30 m in the +z-direction of the measurement 
fluxgate. Shown are rotations about the x- (top left), y- (top right), and z-axis 
(bottom). The results show that the magnetic dipole moment is closely aligned 
to the y-axis of the servo. 
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gure 4.8: Magnetic field vs. rotation for a single Hitec HSR-5990TG servo col
lected using MMTA-3D at 0.22 m in the -z-direction of the measurement flux-
gate. The results for rotation about the y-axis indicate that there is also a small 
x component of the magnetic dipole moment. 
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Figure 4.9: Magnetic field vs. rotation for a single Hitec HSM-7990TG servo col
lected using MMTA-3D at 0.22 m in the -z-direction of the measurement flux-
gate. Shown are rotations about the x- (top left), y- (top right), and z- (bottom) 
axis. The magnetic signature of the Hitec HSM-7990TG is roughly^twice as large 
as that of the Hitec HSR-5990TG. 
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From Figure 4.10, it can be noted that the dual servo configuration has an effect 

that is twice as large as that for a single servo. Additionally, counterorienting the 

+y-axis of each servo with respect to the other has a magnetic field effect which 

is less than that of a single servo. This is an important conclusion for the current 

GeoSurv II prototype since each control surface is controlled by a pair of servos. By 

reconfiguring all Hitec HSR-5990TG control surface servos such that each paired servo 

is counteroriented along the +y-axis with respect to the other, the magnetic noise 

effect of the control surface servos can be reduced. Figures showing the magnetic field 

components for the dual and dual counteroriented servos may be found in Appendix 

A. 

)i 1 1 1 1 1 . 1 1 
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Servo Orientation [deg] 

Figure 4.10: Magnetic field vs. rotation for three different Hitec HSR-5990TG 
servo configurations collected using MMTA-1D at 0.3 m in the +z-direction 
of the measurement fluxgate. Dual servo configuration has a signature that is 
twice that of a single servo. Dual counteroriented configuration has a lower 
signature than a single servo. 
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Servo Variability 

An investigation into the variability of the magnetic signatures for different Hitec 

HSR-5990TG servos was conducted using 13 servos from the GeoSurv II prototype. 

This investigation was necessary since it allows for servos with higher magnetic sig

natures to be positioned at locations further from the wingtip magnetometers. The 

variability was found using a mean magnetic signature calculated from the batch 

of 13 servos. The magnetic field value for the mean representative servo at each 

measurement point was calculated as follows: 

avg.servox 
1 13 II - (4.5) 

where Bi N is the total magnetic field for servo i at measurement point N, calcu

lated at 12 measurement points using (4.1), (4.2), and (4.3). The variability is then 

calculated as follows: 

12 

% variability — max — Y^ 
/or i=l->13 JV=1 

avg.servoN 
x 100 

mean servo^ 
(4.6) 

The magnetic dipole moment of all servos tested appears to be oriented in the same 

direction, but there is a ±11% maximum variability in the magnitude from the mean 

magnetic signature of the batch. This variability was evaluated for rotation about 

each servo's x-axis, and a source-sensor distance of 0.22 m. A comparison of the total 

magnetic field behaviour with rotation for all 13 servos is shown in Figure 4.11. 
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Figure 4.11: Variability in the magnetic signatures of 13 Hitec HSR-5990TG servos 
as shown for magnetic field vs rotation collected using MMTA-3D at 0.22 m in 
the -z-direction of the measurement fluxgate, rotating about the x-axis of each 
servo. The orientation of the dipole moment vector is roughly the same for all 
servos, but the magnitude varies by ±11% from the mean. 

4.3.3 Powered Servo Testing 

All powered servo testing was completed for the Hitec HSR-5990TG servo at a 

constant source to sensor distance without any rotation of the servo or sensor. The 

magnitude of the fluxgate-servo and Cesium magnetometer-servo position vectors 

were 0.822 m and 0.691 m, respectively. Due the the minute magnetic field variations 

during powered testing, analysis was based primarily on the data collected from the 

Cesium magnetometers due to their better resolution as compared to fluxgate mag

netometers. A simple estimation of the total magnetic field, B at some distance r, 

knowing the magnetic field, B. measured , at some known distance, rmea8ure(i, may be 

extrapolated using the dipole approximation as follows: 

B B. measured ( 'measured \ 

r J 
(4.7) 
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A baseline reading was taken before each test to be used as an offset. As well, a 

reference sensor was used to account for any variations in the background magnetic 

field. 

Figure 4.12 shows the servo being powered at the 21 s mark, indicating a 0.06 

nT difference in magnetic noise between the powered and unpowered states. This 

variation may be due to the servo arm rotating slightly to the preprogrammed zero 

position upon powering. As will be described in Chapter 5, the minor variations in the 

servos magnetic field due to movement of the servo armature cannot be captured using 

characterization schemes since the variation is much smaller than the error associated 

with the curve fitting algorithm. Additionally, since the servos will always be powered 

during missions, they are approximated as time-invariant sources of magnetic noise. 
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Figure 4.12: Behaviour of Magnetic Field while Powering a single Hitec HSR-
5990TG servo. There is a 0.06 nT increase in magnetic noise between the 
powered and unpowered states at a distance of 0.691 m. 

Full actuation of the servo led to a change in the magnetic field of approximately 

0.2 nT. This value does have some variation from cycle to cycle. It can be seen in 

Figure 4.13 that actuating the Hitec HSR-5990TG servo with no load does cause a 

variation in the local magnetic field. It is important to recall that the sensor-source 

distance is 0.691 m for the cesium magnetometers, meaning that at the sensor-source 

distance of 1.5 m between the wingtip magnetometers and the flaperon servos, the 

effect is reduced to approximately 0.02 nT calculated using (4.7). Additionally, if the 

servos are eventually moved to the fuselage, this effect will be even further reduced. 
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Figure 4.13: Behaviour of Magnetic Field while actuating a single Hitec HSR-
5990TG servo through its motion range. There is a 0.2 nT variation in magnetic 
noise at a distance of 0.691 m due to actuation. 

Comparing Figure 4.13 to Figure 4.14, it can be seen that manually actuating the 

servo has an effect that is of the same magnitude as the magnetic noise effect of 

actuating the servo under power. From this, it can be concluded that the variation 

in magnetic field due to actuating the servo is not due to the effect of current loops 

within the servo but is due to simply moving certain components of the servo. 
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Figure 4.14: Behaviour of Magnetic Field while manually actuating a single Hitec 
HSR-5990TG servo through its motion range. The variation observed matched 
closely to that measured during powered actuation, leading to the conclusion 
tha t this effect is due to moving certain components of the servo instead of 
current loops within the servo. 

Figure 4.15 shows the transient effect of a single Hitec HSR-5990TG servo cycled 

through different loading conditions. The performance of the servo under other load

ing conditions may be found in Appendix A. It can be seen that the sandbags used 

to load the servo affect the magnetic noise. Movement of the sandbags during ex

perimentation produced an undesirable magnetic field effect which interfered with 

measurement of the true effect of the servo only. For this reason, the results require 

additional interpretation to remove the effect of the sand bags. The experimental 

procedure involved collecting data while cycling loaded and unloaded conditions, as 

well as applying a constant load for a short period of time. Additionally, the effect of 

the load itself was measured with the servos powered off. 
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Figure 4.15: Transient effect of cycling a Hitec HSR-5990TG servo at load of ap
proximately 19 kg • cm. Shown are the results for cycling load/no load (top), 
constant load (middle), and the effect of the movement of the load alone (bot
tom). Sand bags were used for the load which had an adverse effect on the 
experimental results. It can be seen that the transient noise is roughly 0.4 nT 
at a distance of 0.691 m. 

It is clear for the high load case, that applying a constant load causes a rise in 

total magnetic field of roughly 0.4 nT. Extrapolating this effect to predict the effect 

of a single flaperon servo at the wingtip magnetometer location using (4.7) yields a 

predicted transient effect of 0.04 nT. It is recommended that for future testing, loads 

utilizing water or other nonmagnetic materials be used to avoid contamination of the 

experiment. Additionally, it was noticed that the transient magnetic effect increases 

over time, possibly following hysteresis patterns. In conclusion, the magnetic field 

variation when experiencing high loads may be above design specifications, but can 

be further reduced by moving the flaperon servos away from the magnetometers. 
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4.4 Engine Testing 

The engine on GeoSurv II was expected to contribute to the magnetic interference 

experienced by the onboard magnetometers. The engine was tested in both the static 

(not running) and powered (running) states. When testing in the powered state, it 

was necessary to determine the effect of varying engine speed on magnetic field at the 

wingtip magnetometers. The frequency of the magnetic field effect was determined to 

evaluate design criteria pertaining to time-varying sources in the 0 to 5 Hz bandwidth. 

A test procedure similar to the rotation testing described in Section 4.2.2 was 

conducted for the engine assembly. The results of this test yielded inconclusive results, 

with low repeatability between multiple data sets. The results for the rotational 

testing investigation are outlined in [29]. It was found that using the gradiometer 

test procedure described in Section 4.2.3 yielded very repeatable results. 

4.4.1 Gradiometer Test 

A custom fuselage cradle was designed and built to allow for easy translation of 

the engine assembly and of the full-scale GeoSurv II prototype during gradiometer 

testing. The fuselage cradle was tested to ensure that it did not affect results. The 

engine was mounted to the fuselage, which was then attached to the fuselage cradle. 

For engine gradiometer testing, all magnetic components within the fuselage not part 

of the engine assembly were removed. A test track was defined, and the effect of 

the engine was measured at varying distances from sensors arranged in a gradiometer 

configuration. Figure 4.16 shows the setup used during experimentation. 
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Figure 4.16: Experimental setup used during engine gradiometer testing Engine 
assembly was translated at incremental distances along a predefined track and 
measurements were taken of the magnetic field effect at each location 

This test was conducted in two cases with the fuselage translating in the longitudi

nal (tail-nose) direction and in the lateral (port-starboard) direction. The reference 

track was adjusted accordingly. This testing was completed without reference sensors, 

so the offset values were calculated using (4.1), and the corrected values were calcu

lated using (4 2) only. All distances are referenced from the location of the centre 

of the intake manifold whereby positive distances are in the forward direction and 



78 

negative distances are in the aft direction of the fuselage. From Figures 4.17 and 4.18, 

it can be seen that the experimental data is suitable for characterization strategies to 

localize any sources of magnetic noise within the engine assembly. The peak magnetic 

noise occurs slightly forward of the intake manifold. 

100 

Figure 4.17: Behaviour of magnetic field for the GeoSurv II fuselage/engine moving 
past two fluxgates in a gradiometer configuration each located 0.39 m from 
the fuselage centreline. The starboard magnetometer (top), port magnetometer 
(middle), and magnetic field gradient (bottom) are shown. Reference points: 
(A) rear of propeller hub, (B) cylinder centre, (C) front of engine block, (D) 
front of carburetor, and (E) nose. The peak magnetic noise occurs slightly 
forward of the intake manifold. 
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Figure 4.18: Behaviour of magnetic field for the GeoSurv II fuselage/engine moving 
past two Cesium magnetometers in a gradiometer configuration each located 
0.55 in from the fuselage centreline. The top shows the magnetic field effect 
at the starboard and port magnetometers, respectively, and the bottom plot 
shows the gradient between magnetometers. Axis reference labels: (A) rear 
of propeller hub, (B) cylinder centre, (C) front of engine block, (D) front of 
carburetor, and (E) nose. The peakiness of the magnetic field gradient plot is 
due to the small differences in the total field values, which is further exasperated 
by small variations in fuselage/engine heading between measurement points. 

Testing was also conducted to determine the behaviour of rotating the engine at 

each distance step. A transient magnetic noise effect from engine rotation was ex

pected due to the movement of ferromagnetic components such as the crankshaft 

and connecting rods, as well as the ignition timing magnets located on the propeller 

hub which are of roughly equal and opposite polarity. Due to the presence of these 

components, the transient effect of the engine was expected to occur at the operating 



80 

frequency of the engine. A similar procedure was followed with larger distance incre

ments for the length of the track. The propeller was rotated by hand at approximately 

30 RPM at each measurement location. For this test, the peak-to-peak difference in 

the magnetic field was calculated for each distance to determine the effect of running 

the engine. The effect of simulating the running engine at each distance, Bd!prop, for 

each distance, d, can be calculated at each sensor using the following: 

£*d.prop J^d,max J^d,mini \*-®) 

where B^.max and Bdjmin a re the maximum and minimum magnetic field values over 

the sample period. A typical transient profile of the magnetic noise at each sensor is 

shown in Figure 4.19 for the measurement at 0.0254 m . 
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Figure 4.19: Transient magnetic noise profile for each sensor for the GeoSurv II 
fuselage/engine moving past two fluxgate magnetometers in a gradiometer con
figuration at the 0.0254 m step along the motion track while manually rotating 
the propeller. The fluxgate and Cesium magnetometers were located at 0.39 m 
and 0.55 m, respectively, from the fuselage centreline. The transient signature is 
displayed for the fluxgate Bx sensor (top left), By sensor (top right), Bz sensor 
(bottom left), and for the Cesium magnetometer sensor (bottom right). 

Figures 4.20 and 4.21 display the magnetic field variation of manually cycling the 

engine with respect to distance from magnetometers. This gives an indication of the 

magnetic noise effect of a powered engine with respect to distance from the magne

tometers. 
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ure 4.20: Amplitude of the transient magnetic field for the GeoSurv II fuse
lage/engine moving past two fluxgate magnetometers in a gradiometer configu
ration each located 0.39 m from the fuselage centreline while manually rotating 
the propeller. The transient amplitude is displayed for the starboard fluxgate 
(top), port fluxgate (middle), and bottom shows the magnetic field gradient 
between the two fluxgates. Axis reference labels: (A) rear of propeller hub, (B) 
cylinder centre, (C) front of engine block, (D) front of carburetor, and (E) nose. 
Transient magnetic noise peaks slightly forward of the intake manifold. 
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gure 4.21: Amplitude of the transient magnetic field for the GeoSurv II fuse
lage/engine moving past two Cesium magnetometers in a gradiometer configu
ration each located 0.55 m from the fuselage centreline while manually rotating 
the propeller. The transient amplitude is displayed for the starboard and port 
magnetometers (top), and bottom shows the magnetic field gradient between 
the two magnetometers. Axis reference labels: (A) rear of propeller hub, (B) 
cylinder centre, (C) front of engine block, (D) front of carburetor, and (E) nose. 
Transient magnetic noise peaks slightly forward of the intake manifold, which 
also corresponds to the location of the largest magnetic field gradient. 
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4.4.2 Powered Engine Testing 

A powered engine test was conducted on a pathway at the Geomagnetic Laboratory 

to determine if there were any engine components that produced time-varying mag

netic fields in the 0 to 5 Hz range. The test procedure involved mounting a Cesium 

magnetometer at each wingtip location, and the utilization of a reference magnetome

ter. The wings and empennage where not included in the assembly for this test, as 

is shown in Figure 4.22. 

If 
.-•a- ••••* •• . '••••••, . " / " 

;:.::V4.tf'' .* * - . JW> ," i/*'.*j. :;v . * • J I 

. 4 

s."î frfJ;-">iff"3 ftn^tHtoiM!rgr'—" 

Figure 4.22: Experimental setup used for the engine run. Starboard and port 
magnetometers were positioned in locations corresponding to where they would 
be mounted if the UAS were fully assembled. The reference magnetometer was 
sufficiently distant to be unaffected by any engine runs or preparation activity. 

The engine was operated at multiple speed settings for approximately 20 seconds 

each. The engine speeds tested were 2140, 3140, 3160, 3975, and 4150 RPM. The mean 

value was removed from each data set, and the data was analyzed m the frequency 

domain. MATLAB*s Fast Fourier Transform (FFT) and Power Spectral Density 
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(PSD) functions were utilized for this analysis. 

Prior to collecting magnetic noise data during a powered engine run, the effect 

of rotating the engine manually was analyzed for magnetometers placed at wingtip 

locations during full scale testing. From Figure 4.23, it can be observed that the 

peak-to-peak amplitudes of the transient magnetic field are 0.6 nT and 0.4 nT for the 

starboard and port magnetometers, respectively. For this reason, it was expected that 

these transient magnetic field amplitudes would be present at the engine operating 

frequency during a powered engine run. These results are lower than those measured 

in Figure 4.21 due to the increased magnetometer spacing. 

Figure 4.23: Magnetic field behaviour while manually rotating propeller to simu
late a running engine with magnetometers at wingtip spacing. Shown are the 
starboard (top) and port (bottom) magnetometers. Amplitudes of 0.6 nT and 
0.4 nT were observed for the transient magnetic field at the starboard and port 
wingtips, respectively. 
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Initial analysis was conducted using MATLAB's Fast Fourier Transform (FFT), 

the results of which can be seen in Figures 4.24 and 4.25 which show the same data 

but with different scaling on the frequency axis. From Figure 4.24, it can be observed 

that the dominant magnetic field frequency was 60 Hz, which corresponds to the 

switching frequency of the utility grid. There was also some aliasing visible at the 

20 Hz frequency, due to the sampling frequency of 160 Hz. Importantly, there was 

no discernible magnetic field effect at the engine operating frequency. Additionally, 

because of the 0 to 5 Hz bandwidth requirement on magnetic noise, this bandwidth 

was studied more closely as seen in Figure 4.25 which shows that the transient engine 

noise experienced appears to meet the design specifications. The low frequency (<0.25 

Hz) noise seen in Figure 4.25 is present at the reference magnetometer as well, which 

led to the conclusion that this effect was likely due to aliasing produced by the FFT 

rather than onboard sources. 
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gure 4.24: Magnetic noise versus frequency for the GeoSurv II engine operating 
at an average speed of 2140 RPM (35.7 Hz). Shown are the starboard wingtip 
magnetometer (top), port wingtip magnetometer (middle), and reference mag
netometer (bottom). The noise is largest at the 60 Hz frequency, corresponding 
to the utility grid switching frequency. 
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Figure 4.25: Magnetic noise versus frequency for the GeoSurv II engine operat
ing at an average speed of 2140 RPM (35.7 Hz). Shown are the starboard 
wingtip magnetometer (top), port wingtip magnetometer (middle), and refer
ence magnetometer (bottom). The low frequency (< 0.25 Hz) noise is present 
at all magnetometers, leading to the conclusion that this effect was likely due 
to aliasing produced by the FFT rather than onboard sources since nothing 
onboard is known to operate that slowly. 
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The results of the PSD analysis can be seen in Figure 4.26, where it can be noted 

that a magnetic field effect appears at the engine operating frequency. Additionally, 

there is a transient source present at both wingtip magnetometers but not at the 

reference magnetometer, which is operating at a frequency of approximately 13 Hz. 

This frequency is above the 0 to 5 Hz design requirement but is still of interest 

since it does not appear to be dependent upon engine speed for all engine speeds 

analyzed. This analysis was done for a variety of engine speeds which allows for the 

alias frequencies of each operating point to be tracked to determine if they pose a 

concern. From the PSD analysis, it appears that the transient magnetic signature 

produced by the powered engine will not be a problem with regards to magnetic 

signature control. 
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Figure 4.26: Power spectral density analysis of magnetic noise for the GeoSurv II 
engine operating at an average speed of 2140RPM (35.7 Hz). Shown are the 
starboard (top), port (middle), and reference (bottom) magnetometers. Low 
amplitude magnetic noise is observed at the engine operating speed. As well, 
there is a magnetic noise source operating at 13 Hz which is present at the 
wingtip sensors, but not at the reference sensor. The 20 Hz noise appears at all 
engine frequencies. 
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4.5 Avionics Testing 

The gradiometer test procedure of Section 4.2.3 was also applied to study the 

magnetic signature of the flight avionics. The flight avionics were removed from the 

fuselage and mounted on a nonmagnetic tray to allow for easy translation in both the 

longitudinal and lateral directions. The flight avionics rack was powered using three 

A123 racing batteries which were also included on the avionics tray. The experimental 

setup used is shown in Figure 4.27. 
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Figure 4.27: Experimental setup used during flight avionics gradiometer testing. 
Flight avionics package was translated at incremental distances along a prede
fined track and measurements were taken of the magnetic field effect at each 
location. Shown for the longitudinal direction here. 
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All distances are referenced from the centre point of the leading edge of the rack, 

with the forward direction being positive along the longitudinal axis and the starboard 

direction being positive along the lateral axis. This test was conducted in two cases 

with the avionics platform translating in the longitudinal (tail-nose) direction and in 

the lateral (port-starboard) direction, with reference track was adjusted accordingly 

for each direction. Both tests were conducted along a south-north track. This testing 

was completed without reference sensors, so the offset values were calculated using 

(4.1), and the corrected values were calculated using (4.2) only. 

Figure 4.28 indicates that there are multiple magnetic field sources along the length 

of the flight avionics rack as indicated by the multiple peaks and troughs. The differ

ence in total magnetic field between the two magnetometers during the longitudinal 

gradiometer test, as seen in Figure 4.29, is small compared to the difference in field 

components at each fluxgate, seen in Figure 4.28. This is due to the increased sensor 

separation for the Cesium magnetometers as compared to the fluxgates. 
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Figure 4.28: Behaviour of magnetic field for the flight avionics moving longitudi
nally between two fluxgate magnetometers in a gradiometer configuration each 
located 0.22 m from the avionics tray centreline. Measurements at the star
board fluxgate (top), port fluxgate (middle), and the magnetic field gradient 
between the two fluxgates (bottom) are shown. Multiple sources of magnetic 
noise are present along the length of the flight avionics rack. 
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gure 4.29: Behaviour of magnetic field for the flight aAdonics moving longitudinally 
between two Cesium magnetometers in a gradiometer configuration each located 
0.38 m from the avionics tray centreline. The readings at both magnetometers 
(top), as well as the magnetic field gradient between magnetometers (bottom) 
are shown. The magnitude of the magnetic field effect is quite small relative to 
the servos and engine assembly. 
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The results from the lateral gradiometer test indicate that all sources are « 0 . 1 m 

port of the avionics tray centreline. This can be seen by the location of the peaks and 

troughs in Figures 4.30 and 4.31. Additionally, using (4.7) the magnetic noise effect of 

the flight avionics was concluded to be negligible due to its minute magnetic far-field 

effect at distances similar to the avionics-magnetometer distances on GeoSurv II. 

Distance [m] 

Figure 4.30: Behaviour of magnetic field for the flight avionics moving laterally be
tween two fluxgate magnetometers in a gradiometer configuration each located 
0.48 m from the avionics tray centreline. Measurements at the starboard flux-
gate (top), port fluxgate (middle), and the magnetic field gradient between the 
two fluxgates (bottom) are shown. Magnetic noise sources appear to be located 
« 0.1 m port of the avionics tray centreline. 
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Figure 4.31: Behaviour of magnetic field for the flight avionics moving laterally 
between two Cesium magnetometers in a gradiometer configuration each located 
0.64 m from the avionics tray centreline. Readings at both magnetometers 
(top), as well as the magnetic field gradient between magnetometers (bottom) 
are shown. Magnetic noise sources appear to be located ~ 0.1 m port of the 
avionics tray centreline. 

4.6 Component Testing Conclusions 

The results of the investigation into the magnetic signature of individual GeoSurv II 

prototype components concluded that the servo actuators were the largest contribu

tors of magnetic noise, followed by the engine assembly. Since the engine assembly 

constitutes a magnetic noise source that is not easily modelled, attention must be 

given to reducing the magnetic signature of the engine through the replacement of 

ferromagnetic parts with nonmagnetic equivalents; this may even require the de

velopment of an engine composed of completely nonmagnetic components. Servos, 
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conversely, are easily represented by simple magnetic dipole models, therefore the 

development of servo models is crucial for implementing proper optimization and 

cancellation schemes. Since the positioning and orientation of each servo is flexible in 

the GeoSurv II design, focus was put primarily on these components for minimizing 

the magnetic signature of the UAS. 



Chapter 5 

Characterization Strategies 

5.1 Introduction 

Magnetic field sources must be characterized for inclusion into models and opti

mization algorithms. As was introduced in Section 2.5.1, the magnetic source char

acterization strategies developed in this thesis will consist of representative magnetic 

point dipoles. Sources may be modelled by one or more magnetic point dipoles, each 

characterized by six parameters specifying the location, magnitude, and orientation: 

rhx, rhy, mz, x, y, z. The objective of characterization strategies is to determine the 

six parameter values such that the error is minimized between experimental magnetic 

field measurements and magnetic field values calculated using equivalent, point dipole 

models. 

5.2 Requirement for an Improved Characteriza

tion Scheme 

The MoDEM model previously developed by Wells [1], modelled sources using two 

magnetic point dipoles as outlined in Section 2.5.1. The objective function used in 

97 
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the MoDEM strategy was designed to minimize the error between the total field from 

the data collected experimentally and the total field modelled by point dipoles: 

1 A ' I 2 

Error =—2_^ [\\Bz.expenmental ~ B^MoDEM J i (5-1) 
i=\ 

where N is the number of points fitted, and Bexperimentai and BMor>EM are the exper

imentally measured and the modelled magnetic flux density, respectively. 

The MoDEM objective function was selected to give equal weighting to fitting the 

Bx, By, and Bz curves, but instead of giving equal weighting to the vector components, 

the MoDEM objective function considers only the total field values. It was found 

that the objective function defined in MoDEM provided an excellent fit between the 

experimental and modelled total field curves, but had a tendency to less accurately 

fit the individual Bx, By, and Bz components. Although the MoDEM strategy is 

capable of accurately capturing the vector components, it is susceptible to ambiguity 

about the proportion to which each vector component contributes to the total field 

value. This ambiguity is highlighted in Figure 5.1. 

file:////Bz.expenmental
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Figure 5.1: MoDEM characterization scheme with fitness function specified by Wells 
[1] for a single Hitec HSR-5990TG servo. Measurements taken at a distance of 
0.30 m, with rotation about the x-axis of the servo. Excellent fit between the 
experimental and modelled total field curves, but a less accurate fit between 
the experimental and modelled vector component curves. The difference is 
most noticeable for the Bx field component. 

Magnetic noise, as defined for the GeoSurv II application, is the deviation in the 

total magnetic field from the naturally occurring background field. Since the net 

field at any given point is the vector sum of the contributions, the total noise at 

a given measurement point is dependent on the vector contributions of both the 

background field and the magnetic noise sources, rather than the sum of the total 

field contributions. This point is illustrated in Figure 5.2 where it is shown that two 

interference vectors of the same magnitude but different orientation will result in two 

different magnetic noise levels. 
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Figure 5.2: Effect of the interference vector interacting with the background field. 
Noise is measured as the total field deviation from the natural background field, 
meaning that knowledge of the vector contributions of each source is necessary. 

Therefore, it was necessary to develop an alternative objective function to produce 

an improved fit between the experimental and modelled vector magnetic flux density 

values. A fitness function utilizing the error in the vector components was developed 

and implemented in an improved MoDEM model, known as MoDEM2. The new 

fitness function determines the mean square of the error in the vector components as 

follows: 
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(5.2) 

As shown in (5.2), the mean square error for all measurement points is calculated 

for the three vector components individually. The objective function is defined by the 

average of the vector mean square errors, as shown in (5.2). Consequently, by mini

mizing the error between the vector components, the error between the experimental 

and modelled total field components will also be minimized. The new MoDEM2 ob

jective function consistently provides a better fit to the vector components while still 

closely matching the total field values. The result of the improved MoDEM2 objective 

function is shown in Figure 5.3. 
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Figure 5.3: MoDEM2 characterization scheme with fitness function defined in this 
thesis for a single Hitec HSR-5990TG servo. Measurements taken at a distance 
of 0.30 m, with rotation about the x-axis of the servo. Good fit between the 
experimental and modelled vector and total field curves. 

Additionally, if the position vector component parallel to the axis of rotation used 

during measurements is small, the variation of the magnetic field component parallel 

to the axis of rotation will be small compared to the other vector components. This 

causes the MoDEM and MoDEM2 models to have difficulty accurately characterizing 

the respective dipole component value, i.e. if rotating about the x-axis and rx is 

small, then Bx will be a low amplitude sinusoid, such as in Figures 5.1 and 5.3. 

This results in a bias towards modelling the magnetic field within the measurement 

plane, meaning that any calculation of the magnetic field outside of the measurement 

plane may be inaccurate if using the MoDEM and MoDEM2 strategies. This effect 

is most noticeable when performing testing with rotations about two or more axis of 

the component, and is illustrated in Figures 5.4 and 5.5 which show the MoDEM and 
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MoDEM2 models, respectively, compared to experimental data collected for rotations 

about the servos x-, y-, and z-axes. It should be noted that in Figures 5.4, 5.5, 5.7, 

and 5.10, the difference in behaviour shown for rotation about the x-axis for the Hitec 

HSR-5990TG servo, when comparing the top left and bottom right subfigures is due 

to the different position vectors utilized between measurement apparatus; the top 

left, top right, and bottom left data was collected using the MMTA-3D apparatus, 

whereas the bottom right data was collected using the MMTA-1D apparatus. 



104 

2000 

-2000 

B - Experimental 

B - Experimental 

B - Experimental 

B - Experimental 
B -MODEM 
X 

B -MODEM 
y 

B -MODEM 

B- MODEM 4000 

>oogouuo5»ij! O U J'-

0 45 90 135 180 225 270 315 360 
Servo Orientation [deg] 

0 45 90 135 180 225 270 315 360 
Servo Orientation [deg] 

3000 1000 

-3000 

h-

<D 
l±_ 
O 

"53 c 
O ) 
CD 

'0 45 90 135 180 225 270 315 360 
Servo Orientation [deg] 

500 

-500 
0 45 90 135 180 225 270 315 360 

Servo Orientation [deg] 

Figure 5.4: MoDEM characterization compared to experimental data collected in 
multiple measurement planes for a Hitec HSR-5990TG servo. Rotations about 
the x-axis (top left), y-axis (top right), and z-axis (bottom left) are shown 
for measurements taken at 0.22 m from the servo, as well as the data used for 
initial characterization (bottom right). The MoDEM model does not necessarily 
characterize the servo accurately, leading to errors when measuring the vector 
and total field at points not used during the characterization. 
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Figure 5.5: MoDEM2 characterization compared to experimental data collected in 
multiple measurement planes for a Hitec HSR-5990TG servo. Rotations about 
the x-axis (top left), y-axis (top right), and z-axis (bottom left) are shown for 
measurements taken at 0.22 m from the servo, as well as the data used for 
initial characterization (bottom right). The poor fit between the experimental 
and modelled curves for rotations about three separate measurement planes 
illustrates the need for additional data for characterization strategies. 
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For Figures 5.4 and 5.5, the characterization was performed for the measurement 

plane modelled in Figures 5.1 and 5.3, illustrating that measurements in multiple 

planes are necessary to accurately model each magnetic field source in three dimen

sions. Additionally, if a single component of the position vector is zero, then the 

respective vector component of the magnetic field will not vary with rotation. There

fore, in order for all magnetic vector components to produce significant variations 

with rotation about the test axis, it is important to ensure that: a) at least two of the 

position vector components are at least twice as large as the respective component 

dimensions, and that b) the position vector is at least three times as large as the 

component's largest dimension. The mean absolute error for the MoDEM and Mo-

DEM2 characterization schemes calculated from the three dimensional rotation data 

is shown in Table 5.1. 

Table 5.1: Comparison of the mean absolute error for the MoDEM and MoDEM2 
characterization schemes for measurements taken about three rotational axes 
at a distance of 0.22 m. All units in nT. 

Characterization 
Scheme 

MoDEM 

MoDEM2 

Servo 

Hitec HSR-5990TG 

Hitec HSR-5990TG 

B i 

521.0 

184.7 

By 

572.9 

130.6 

eB> 

912.1 

156.5 

e | | s | | 

733.5 

184.5 

The improved objective function and testing method led to the development of two 

novel characterization strategies, the Permanent Magnetic Dipole (PMaD) model 

and the Dual Permanent Magnetic Dipole (DuPMaD) model, which fit theoretical 

magnetic point dipole models to measurements collected in two or more planes. 
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5.3 Dual Permanent Magnetic Dipole Model 

The Dual Permanent Magnetic Dipole (DuPMaD) model was developed as an ex

pansion to the MoDEM model to incorporate the revised objective function and 

measurement scheme. Similar to the MoDEM model, the DuPMaD model utilizes 

two magnetic point dipoles to represent each magnetic field source. Since the mag

netic field at a point is the vector sum of all contributions, (2.5) may be expanded to 

include a second dipole as follows: 

(5.3) 
3 (mi • fj) fj — mi 3 (m2 • r2) f2 — m2 

where mi and m 2 are the magnetic dipole moment vectors, and r*i and r2 are the 

position vectors for dipoles 1 and 2, respectively. 

In the DuPMaD scheme, both dipoles have full degrees of freedom in their orienta

tions and magnitudes, and are constrained to be located anywhere within the physical 

dimensions of the component being characterized. There are 12 parameters: mi |X , 

rnhy, m1]2, m2;X, m2,y, m2,z, Xi, yi, zj, x2, y2, z2. 

In (5.3), the position vectors r\ and r2 must run from source to measurement point. 

If referring to the same geometry as defined in Figure 5.6, then the position vectors 

are calculated as follows: 

^=1,2 = -(rc + rCm,i), (5.4) 

where i denotes dipole 1 or 2. The negative operator specifies that the position vector 

extends from source to measurement point. There will be no effect on the evaluation 

of (2.5) and (5.3) if the negative operator is not included, it is only used to specify 

the exact location of the measurement point. The position vectors f\ and f2 must 
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be at least three times as large as the objects largest dimension: Lx, Ly: or Lz. The 

geometry used for the DuPMaD scheme is shown in Figure 5.6. 

Ly 

Magnetic 
Point Dipole 

Measurement 
Point 

Figure 5.6: Geometry used for DuPMaD characterization. 

Both MoDEM and DuPMaD use MATLAB's constrained nonlinear optimization 

algorithm, fmincon, to fit parameters to data collected experimentally. However, there 

are several key differences between the DuPMaD Model and the MoDEM model which 

are summarized in Table 5.2. 



Table 5.2: Model definition comparison for the MoDEM and DuPMaD models. 

D i p o l e 
M o m e n t 

D i p o l e 
Locat ion 

Object ive 
Funct ion 

Exper imenta l 
D a t a 

M o D E M 

The two point dipoles may 
obtain any orientation 

relative to the other, but 
their magnitudes are 

constrained such that the 
major dipole, mi , must be 

larger than the minor 
dipole, m2: 

777,1 > ^ 2 

The location of 777,1 was 
constrained such that it 

must be within the physical 
dimensions of the 

component. The location 
of 777,2 was constrained such 
that it was offset at some 

dis tance , ^mim2spaangj rrom 
fh\ in the z-direction of the 

test component. 

^Jfh\rh2spacing Was 
constrained to be within ± 
0.01 m. This allows for the 

possibility of m2 to be 
placed outside of the 

physical dimensions of the 
component. 

Utilizes the MoDEM 
objective function as 

defined in Section 5.2, 
which fits only the total 

field curves. 

Fits data taken about a 
single axis in a single 
measurement plane. 

D u P M a D 

The magnitude of the two 
point dipoles are free to 

assume any magnitude or 
orientation relative to one 

another. 

The locations of mi and 
777,2 were constrained such 
that they must be within 

the physical dimensions of 
the component being 

characterized. No 
constraints were defined to 
control the positions of rh\ 

and m2 relative to one 
another. 

Utilizes the MoDEM2 
objective function as 

defined in Section 5.2, 
which fits the vector field 

curves. 

Fits data taken about two 
or more axes in one or 

more measurement planes. 
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The DuPMaD model was used to characterize two servo actuators, the Hitec HSR-

5990TG and the Hitec HSM-7990TG, as can be seen in Figures 5.7 and 5.8, respec

tively. Figures 5.7 and 5.8 show that the DuPMaD characterization provides a better 

fit for the experimental data as a whole. This may be seen by comparing Figures 5.5 

and 5.7, or by noting the mean absolute errors of each model as shown in Table 5.3. 

Table 5.3: Comparison of the mean absolute error for the DuPMaD, MoDEM, 
and MoDEM2 characterization schemes for measurements taken about three 
rotational axes at a distance of 0.22 m. All units in nT. 

Characterization 
Scheme 

MoDEM 

MoDEM2 

DuPMaD 

Servo 

Hitec HSR-5990TG 

Hitec HSR-5990TG 

Hitec HSR-5990TG 

Bx 

521.0 

184.7 

53.2 

By 

572.9 

130.6 

62.4 

eBz 

912.1 

156.5 

56.7 

e | | s | | 

733.5 

184.5 

70.3 
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gure 5.7: DuPMaD characterization of Hitec HSR-5990TG servo. Rotations about 
the x-axis (top left), y-axis (top right), and z-axis (bottom left) are shown for 
measurements taken at 0.22 m from the servo. Bottom right shows measure
ments taken at a distance of 0.30 m, with rotation about the x-axis of the 
servo. 
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ure 5.8: DuPMaD characterization of Hitec HSM-7990TG servo. Rotations 
about the x-axis (top left), y-axis (top right), and z-axis (bottom left) are 
shown for measurements taken at 0.22 m from the servo. 
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If only fitting parameters to a single measurement plane such as in Figure 5.3, then 

the error between the modelled and experimental magnetic fields will be much lower 

for that measurement plane as can be seen in Figure 5.9, which is a comparison of 

Figures 5.3 and 5.7 (bottom right). Alternatively, if attempting to fit parameters 

to more than one measurement plane, there will be additional error between the 

experimental and modelled magnetic field for each measurement than there would 

be for a single measurement plane. This error is likely due to differences in the 

measurement conditions between data sets. However, additional measurement planes 

are necessary for proper characterization of all parameters, so this additional error is 

accepted in a trade-off between an accurate model that fits all three dimensions and 

a model that is highly accurate for only the measurement plane. 



114 

1000 

2 
<D 

O 

Q) 

05 

500 

-500 

-v— B - Experimental 

-e— B - Experimental 

-*— B - Experimental 

B - Experimental 
^ - B - Modelled 

X 

o - B - Modelled 
y 

. B -Modelled 
z 

• - B - Modelled 
1000 

0 45 90 135 180 225 270 315 360 
Servo Orientation [deg] 

500 
0 45 90 135 180 225 270 315 360 

Servo Orientation [deg] 

Figure 5.9: Comparison of MoDEM2 (left) and DuPMaD (right) characterization 
schemes for the Hitec HSR-5990TG servo rotating about the x-axis of the servo. 
Additional data from other rotational axis was used for the DuPMaD character
ization causing a less accurate fit for the single rotational axis data shown, but 
a better fit for the da ta set as a whole as compared to the MoDEM2 strategy. 

5.4 Permanent Magnetic Dipole Model 

The Permanent Magnetic Dipole (PMaD) model was created as a simplification 

to the DuPMaD model. It involves modelling sources using only a single magnetic 

point dipole located anywhere within the physical dimensions of the source, and 

assuming any orientation and magnitude. The motivation for this simplification was 

that sources modelled on GeoSurv II are all in the magnetic far-field, and therefore 

should be able to be modelled by a single magnetic point dipole [12]. The added 

complexity of using multipole sources(two or more dipoles) to model simple magnetic 

components will only marginally increase the accuracy of the model when modelling 

in the magnetic far-field. 
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This model may be compared to the Direct Dipole Parameterization (DDP) scheme 

developed by Wells [1]. Wells' DDP scheme involved constraining a single point dipole 

to be at the centre of the component geometry, leaving only three parameters to be 

characterized: rhx, my, and fhz. Additionally, the method used by DDP to charac

terize the three parameters involved calculating the magnetic dipole moment vector 

directly from (2.5), knowing both the magnetic field components and the position 

vector, at N measurement points. This yielded N different dipole moment vectors 

which were then averaged to produce a single estimate. 

The DDP method involves an over simplification of the problem since it is unlikely 

that the magnetic dipole will be directly at the centre of the component geometry. 

Additionally, the method by which the dipole moment vector is calculated does not 

operate by attempting to reduce the error between the experimental and modelled 

magnetic fields, but instead attempts to directly calculate the model from the data. 

The results of the PMaD characterization for the Hitec HSR-5990TG and the Hitec 

HSM-7990TG servos are shown in Figures 5.10 and 5.11, respectively. It can be seen 

that the PMaD model provides a good fit to the experimental data for both servos. 
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Figure 5.10: PMaD characterization of Hitec HSR-5990TG servo. Rotations about 
the x-axis (top left), y-axis (top right), and z-axis (bottom left) are shown for 
measurements taken at 0.22 m from the servo. Bottom right shows measure
ments taken at a distance of 0.30 m, with rotation about the x-axis of the 
servo. 
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Figure 5.11: PMaD characterization of Hitec HSM-7990TG servo. Rotations about 
the x-axis (top left), y-axis (top right), and z-axis (bottom left) are shown for 
measurements taken at 0.22 m from the servo. 
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The mean absolute error for the MoDEM, MoDEM2, DuPMaD and PMaD char

acterization schemes for the Hitec HSR-5990TG and Hitec HSM-7990TG servos is 

shown in Table 5.4. The purpose of Table 5.4 is to compare the accuracy of the DuP

MaD and the PMaD characterization schemes. Comparisons should not be drawn on 

the magnitude of the mean absolute error between the two servos since the magnetic 

fields they produce are not equivalent. 

Table 5.4: Comparison of the mean absolute error for the DuPMaD and PMaD 
characterization schemes for measurements taken about three rotational axes 
at a distance of 0.22 m. All units in nT. 

Characterization 
Scheme 

MODEM 

MoDEM2 

DuPMaD 

PMaD 

Servo 

Hitec HSR-5990TG 

Hitec HSR-5990TG 

Hitec HSR-5990TG 

Hitec HSM-7990TG 

Hitec HSR-5990TG 

Hitec HSM-7990TG 

eBx 

521.0 

184.7 

53.2 

99.7 

52.9 

111.2 

By 

572.9 

130.6 

62.4 

134.5 

62.1 

142.6 

eBz 

912.1 

156.5 

56.7 

102.5 

57.8 

98.3 

1*11 
733.5 

184.5 

70.3 

110.7 

71.3 

105.2 

From Table 5.4, it can noted that the mean absolute error is approximately the 

same for the DuPMaD scheme as it is for the PMaD scheme for both servos. This 

is to be expected: as the position vector increases, the effect of multipole sources, 

such as in the DuPMaD scheme, drop off at a rate faster than for dipole sources. 

Since the measurement points used for this calculation are in the magnetic far-field, 

the difference between a single dipole and a multipole representation should be neg

ligible. This means that the DuPMaD scheme will also appear as a single dipole in 

the magnetic far-field, with some measure of error associated with the unaccounted 

multipole contribution. As was concluded by Zaffanella [12], this error decreases as 
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the position vector increases. The location and orientation of the permanent dipole 

within the servo casing geometry, for the Hitec HSR-5990TG, is shown in Figure 5.12. 

Figure 5.12: Illustration of magnetic dipole location and orientation within the 
Hitec HSR-5990TG servo casing. 

5.5 Validation using Finite Element Method Anal

ysis 

In order to verify the DuPMaD and PMaD characterization schemes, the Hitec 

HSR-5990TG servo was modelled using COMSOL Multiphysics, a finite element anal

ysis software. This was done to verify that the physics used for the dipole character

ization schemes (DuPMaD and PMaD) are realistic, and that the dipole schemes are 

adequate to represent simple magnetic sources. 

Two concentric spheres, with their centres at the geometrical centre of the servo, 

were generated to represent the two domains of the model. Infinite elements were used 

for the outer domain, defined as the volume between the boundary of the larger sphere 
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and the smaller sphere. Infinite elements account for the magnetic fields extending 

to infinity by providing a means for the magnetic flux to go from positive infinity to 

negative infinity. The inner domain which was defined as the volume of the smaller 

sphere, was modelled as free-space where the magnetic flux could circulate freely. 

Each magnetic dipole was represented by a single point, which was then assigned a 

moment vector using the magnetic point dipole feature found in COMSOL's AC/DC 

module. The location, magnitude, and orientation of each point dipole was defined 

by the DuPMaD and PMaD characterization schemes. Additionally, measurement 

points were created around the servo to allow for the collection of data similar to 

those collected experimentally. The measurements points were specified to simulate 

those taken in Figure 4.7 for direct comparison with experimental data, and magnetic 

fields modelled using characterization schemes. 

Figure 5.13 shows the comparison of the experimental magnetic total field values 

to the DuPMaD and PMaD characterization data generated in MATLAB and COM-

SOL. The conclusion can then be drawn that the physics used in the dipole modelling 

schemes do indeed match those of reality as simulated using COMSOL. Additionally, 

it may be noted that the DuPMaD and PMaD schemes produce almost identical mag

netic fields at the measurement points, which are closely matched by their COMSOL 

counterparts. 
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Figure 5.13: Comparison between experimental data and theoretical results pro
duced by MATLAB and COMSOL for the DuPMaD and^PMaD characteriza
tion schemes. Shown are Bx (top left), By (top right), Bz (bottom left), and 

B (bottom right) for all cases. It can be seen that the simulated physics 

using COMSOL provides a very close fit to the physics modelled m MATLAB 
for both characterization schemes. 

For the GeoSurv II application, most magnetic field sources are considered to be m 

the magnetic far-field, meaning that they can be accurately modelled using a single 

magnetic dipole. Therefore, since the DuPMaD and PMaD models both have similar 

associated error, the simplicity of the PMaD model makes it the characterization 

scheme of choice for the source configuration optimization and cancellation models. 
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5.6 Modelling Complex Magnetic Sources 

Complex magnetic sources may include: a) large sources which consist of primarily 

permanent magnet and/or electromagnet sources, or b) sources consisting of ferro

magnetic materials. Sources consisting primarily of permanent magnet and/or elec

tromagnet sources may be modelled by expanding simple dipole models to incorporate 

additional dipoles such as with the DuPMaD characterization scheme. This is rela

tively straight forward, and the results for a characterization of the engine gradiometer 

data are shown in Figure 5.14 for a scheme involving four permanent magnetic dipoles. 

B - Experimental 

B - Experimental 

B - Experimental 

B -Modelled 
X 

B -Modelled 
y 

B -Modelled 

-1 0 1 
Distance [m] 

Figure 5.14: Characterization of engine using four permanent magnetic dipoles. 
Shown are the results for the starboard (top) and port (bottom) fluxgates. This 
characterization strategy yields an excellent fit to experimental data, but is not 
reliable due to the nature of ferromagnetic materials. This characterization 
is only reliable for the state of the engine at the time of testing, and for the 
heading and background magnetic field present during testing. 
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Modelling sources consisting of ferromagnetic materials is complex and requires 

knowledge of the exact state and history of the material. Magnetic materials will be

have as a collection of magnetic dipoles, each representing the present magnetization 

of the net effect of many domains. However, the dipoles used to represent ferro

magnetic material are not permanent and are dependent on the applied H-field, and 

magnetization of the material at a given time. It is possible to model ferromagnetic 

materials using permanent magnetic dipoles, but this approach will yield models that 

become invalid as soon as the magnetic history of the material changes. Variations 

in the H-field, thermal fluctuations, straining the material, and several other factors 

must all be accounted for in the material's magnetic history [4]. More often than not, 

the magnetic history of a material will cause it to become more magnetic over time, 

which makes ferromagnetic materials a transient source of magnetic noise. 

This topic has been studied for the application of reducing a ship's magnetic sig

nature as outlined by Holmes [32]. The models generated in [32] apply mainly to a 

ferromagnetic ship's hull, and would not be able to capture the magnetic history that 

is present in the GeoSurv II engine components. 

Since it is difficult to accurately track all parameters that affect the magnetization of 

a material, it is easier to simply replace ferromagnetic components with nonmagnetic 

equivalents, and to position any remaining ferromagnetic material as far away from 

magnetometers as possible. If ferromagnetic materials cannot be eliminated, they 

should be monitored and degaussed when necessary as was described in Section 2.2.2. 

5.7 Characterization Conclusions 

Two new characterization schemes were presented in this chapter. The DuPMaD 

strategy utilizes two permanent magnetic dipoles, and the PMaD strategy utilizes a 
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single permanent magnetic dipole to model simple magnetic noise sources. Two servo 

actuators, the Hitec HSR-5990TG and the Hitec HSM-7990TG, were both character

ized by fitting the PMaD and DuPMaD models to experimental data. The results of 

the characterization were validated using the COMSOL Multiphysics software. The 

DuPMaD and PMaD models show an improved characterization compared to the 

previously developed MoDEM model [1]. It was found that both the PMaD and 

DuPMaD produce nearly identical results, therefore the PMaD model was selected 

for use in cancellation and optimization strategies due to its increased simplicity. 



Chapter 6 

CMC Passive Cancellation Strategy 

6.1 Introduction 

Magnetic signature reduction of all individual components would lead to a decrease 

in the magnetic noise at the wingtip magnetometers. Since it is not feasible to simply 

reduce the magnetic signature of off-the-shelf components such as servos without 

altering their performance, it is necessary to use cancellation strategies. Cancellation 

strategies aim to reduce the far-field magnetic signature of components through the 

use of some additional magnetic component, as was outlined in Section 2.5.4. The 

strategy discussed in this chapter will outline the use of a cancellation magnet to 

reduce the far-field effect of static magnetic noise sources. A method to optimally 

position and orient each cancellation magnet relative to the respective source will be 

presented and experimentally validated. 

6.2 Development of Passive Cancellation Strategy 

Since the magnetic field at any point is the vector sum of the effect of all magnetic 

noise sources, it is possible to have a smaller net magnetic field for multiple sources 

than it is for sources acting individually. This property is exploited in the passive 

125 
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cancellation strategy developed here, known as the Cancellation Magnet Configura

tion (CMC) strategy. The CMC strategy involves optimizing the configuration of a 

permanent magnet relative to a source, such as a servo, with the objective of mini

mizing the net magnetic far-field. A model of both the magnet and the source must 

be used for this strategy, which may be obtained using characterization strategies 

outlined in Chapter 5. 

The permanent magnets used in this strategy were from a circular magnet sampler 

containing magnets of five different sizes with lift strengths ranging from 11.1 to 40 

N, available from Lee Valley. Since it is difficult to assign a coordinate system for 

one circular magnet that is easily transferable to a similar magnet, the magnetic 

moment vector of each magnet was assumed to be oriented along the axial direction 

as shown in Figure 6.1. This is a reasonable assumption given the properties of 

circular magnets, and was confirmed through experimental results which showed no 

variation in magnetic field values with rotation when performing rotation testing 

(refer to Section 4.2.2) about the axial direction of each magnet. 

Figure 6.1: Direction of magnetic moment vector for permanent magnet used in 
CMC strategy. The magnitude of the dipole moment vector was determined 
through a modified version of the PMaD characterization strategy. 
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The objective function of this strategy is to minimize the sum of the total magnetic 

field values at a predefined set of points in the magnetic far-field region. The near-field 

region will have multipole components created by the proximity of the cancellation 

magnet to the source, which will cause a larger magnetic near-field. As was mentioned 

in Section 2.3, the magnetic field decreases a rate proportional to 1/ ||r||n where n = 3 

for dipole sources and n > 4 for multipole sources, so if evaluating the magnetic field 

in the far-field region, the multipole components may be assumed to be negligible. 

Since the CMC strategy optimizes based on minimizing the magnetic field at a series 

of points, it is important to evaluate points only in the magnetic far-field region to 

avoid contaminating the CMC metric, which is defined as follows: 

n 

B = mm 
total , 

EP« , (6.1) 

where Br B , is 
total 

is the total magnetic field at point i. The objective function, 

evaluated at n points around each source. Rather than minimizing the net magnetic 

field at a single distance, evaluation points were specified at various distances to 

attempt to negate any near field effects. The evaluation points defined for the HSR-

5990TG servo in the CMC strategy were specified to simulate measurement points 

on the MMTA-3D test apparatus at -z-distances spanning 0.18 m to 0.60 m in 0.06 

m increments. The algorithm used for the CMC strategy is MATLAB's constrained 

nonlinear optimization algorithm, fmincon. 

Constraints were included in the CMC algorithm to prevent the permanent magnet 

from being placed within the geometry of the source, as can be found in the script 

titled CMC'constraint, m. A value for the allowable distance for the cancellation mag

netic to be placed from each side of the source was defined, and treated as bounds for 

the optimization algorithm. Additionally, the orientation of the cancellation magnet 
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was required to be normal to all coordinate axes of the sources to simplify placement. 

The CMC algorithm operated by optimizing the position of different cancellation 

magnet orientations for each of five previously characterized permanent magnets. The 

best solution was stored and treated as the optimized result for all orientations and 

magnet sizes as can be seen in the script CMCmaster.m. 

6.2.1 Results from CMC Implementation 

The CMC strategy was implemented to reduce the magnetic signature of the Hitec 

HSR-5990TG servo. Models generated using the PMaD characterization scheme of 

both the servo and the permanent magnet were used to determine the optimal position 

and orientation of the permanent magnet with respect to the the servo. A magnet 

mount, shown in Figure 6.2 was designed to allow for the precise positioning of the 

cancellation magnet relative to the servo, and was produced using a rapid prototyping 

machine. The experimental procedure and apparatus followed exactly that of Section 

4.3.2, with -z-distances of 0.18 m, 0.30 m, and 0.50 m used for the MMTA-3D test 

apparatus, as can be seen in Figure 6.3. The purpose of this set of experiments was to 

determine if the addition of the cancellation magnet would indeed cause a reduction 

in the magnetic signature of the servo. 
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Figure 6.2: Magnet mount constructed to hold cancellation magnet for the Hitec 
HSR-5990TG servo. Part was manufactured on a rapid prototyping machine to 
allow for precise positioning and orientation of the cancellation magnet. 

r*T3&jo 

Figure 6.3: Experimental setup used for CMC validation. Shown is the Hitec HSR-
5990TG for the y-axis rotation configuration on the MMTA-3D at a -z-distance 
of 0.18 m. 



130 

The theoretical results generated in the MATLAB model show a significant reduc

tion in the magnetic field with the CMC strategy. This may be seen in Figures 6.4 

to 6.6 which compare the total field values of the Hitec HSR-5990TG servo with and 

without the CMC strategy for various distances and rotational axes. 
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Figure 6.4: Theoretical CMC results for the Hitec HSR-5990TG servo at a distance 
of 0.22 m. Shown are rotations about the servo's x- (top left), y- (top right), 
and z- (bottom left) axis. The total magnetic field values are shown, indicating 
a reduction in the magnetic signature with the CMC strategy. 
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Figure 6.5: Theoretical CMC results for the Hitec HSR-5990TG servo at a distance 
of 0.33 m. Shown are rotations about the servo's x- (top left), y- (top right), 
and z- (bottom left) axis. The total magnetic field values are shown, indicating 
a reduction in the magnetic signature with the CMC strategy. 
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Figure 6.6: Theoretical CMC results for the Hitec HSR-5990TG servo at a distance 
of 0.52 m. Shown are rotations about the servo's x- (top left), y- (top right), 
and z- (bottom left) axis. The total magnetic field values are shown, indicating 
a reduction in the magnetic signature with the CMC strategy. The magnetic 
signature is even further reduced than it is at a distance of 0.22 m (Figure 6.7), 
due to the multipole effects reducing rapidly with distance. 
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Figures 6.4 to 6.6 may be compared to results measured experimentally, shown in 

Figures 6.7 to 6.9 for distances in the -z-direction of MMTA-3D of 0.18m, 0.30 m and 

0.50 m, respectively. 
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Figure 6.7: Experimental CMC results for the Hitec HSR-5990TG servo at a dis
tance of 0.22 m. The total magnetic field data are shown for rotations about 
the servo's x- (top left), y- (top right), and z- (bottom left) axis. 
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ure 6.8: Experimental CMC results for the Hitec HSR-5990TG servo at a dis
tance of 0.33 m. The total magnetic field data are shown for rotations about 
the servo's x- (top left), y- (top right), and z- (bottom left) axis. 
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ure 6.9: Experimental CMC results for the Hitec HSR-5990TG servo at a dis
tance of 0.52 m. The total magnetic field data are shown for rotations about 
the servo's x- (top left), y- (top right), and z- (bottom left) axis. The rough 
nature of the total field lines is due to a lower signal to noise ratio as compared 
to measurements taken at smaller source-sensor distances. 
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The results from Figures 6.7, 6.8, and 6.9 indicate that the implementation of the 

CMC strategy leads to a significant reduction in the magnetic noise of the Hitec HSR-

5990TG servo. The percentage reduction was calculated for each data set (distance 

and rotation axis) to quantify the decrease in the magnetic signature. The percentage 

reduction was calculated as the mean absolute value of each magnetic field component 

for each distance and rotational axis: 

n i n 

i V^ IR I - V^ IR 
n / ^ ^i.originall / y \J->i,CM 

%reduction = — ^ — x 100, (6.2) 

n / A \s-'i,ariginal\ 

where Bi ^original and Bi ,CMC are the absolute magnetic field values for vector field 

component B,, for the original and CMC source configurations, respectively, where 

n is the number of measurement points per full rotation. A positive percentage 

reduction indicates a reduction in the magnetic signature of the servo with CMC as 

compared to the servo only, and vice versa. 

Tables 6.1 to 6.3 compare the percentage reduction for the theoretical and exper

imental results for three distances. It can be noted that the percentage reduction 

in the magnetic signature of the Hitec HSR-5990TG increases with distance. This 

is due to the multipole effects - created by placing the cancellation magnet in close 

proximity to the servo - decreasing more rapidly with distance than the dipole effects. 
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Table 6.1: Comparison of the percentage reduction in the magnetic signature of 
the Hitec HSR-5990TG servo as a result of utilizing the CMC strategy for 
measurements at a distance of 0.22 m. The theoretical results (Theo) and 
experimental results (Exp) are provided. All units in %. 

Rotational Axis 

x — axis 

y — axis 

z — axis 

Case 

Theo 

Exp 

Theo 

Exp 

Theo 

Exp 

Percentage Reduction [%] 

Bx 

61.8 

68.1 

-150.4 

-171.8 

48.7 

49.6 

By 

66.4 

62.1 

49.3 

76.1 

46.8 

45.4 

Bz 

47.3 

54.2 

83.1 

76.9 

61.9 

58.5 

B 

54.8 

60.5 

63.8 

57.5 

51.2 

50.3 

Table 6.2: Comparison of the percentage reduction in the magnetic signature of 
the Hitec HSR-5990TG servo as a result of utilizing the CMC strategy for 
measurements at a distance of 0.33 m. The theoretical results (Theo) and 
experimental results (Exp) are provided. All units in %. 

Rotational Axis 

x — axis 

y — axis 

z — axis 

Case 

Theo 

Exp 

Theo 

Exp 

Theo 

Exp 

Percentage Reduction [%] 

Bx 

54.1 

74.2 

60.8 

55.4 

57.2 

61.3 

By 

76.2 

71.5 

-98.5 

69.8 

55.2 

58.7 

Bz 

75.9 

73.7 

60.5 

82.0 

65.7 

67.7 

B 

68.5 

71.4 

56.0 

69.3 

61.3 

63.6 
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Table 6.3: Comparison of the percentage reduction in the magnetic signature of 
the Hitec HSR-5990TG servo as a result of utilizing the CMC strategy for 
measurements at a distance of 0.52 m. The theoretical results (Theo) and 
experimental results (Exp) are provided. All units in %. 

Rotational Axis 

x — axis 

y — axis 

z — axis 

Case 

Theo 

Exp 

Theo 

Exp 

Theo 

Exp 

Percentage Reduction [% 

Bx 

39.8 

67.8 

88.0 

79.7 

65.5 

72.9 

By 

86.6 

80.4 

-138.8 

23 

64.5 

71.4 

Bz 

85.4 

82.1 

59.0 

73.1 

72.7 

76.0 

B 

77.9 

79.8 

67.8 

74.4 

70.2 

74.5 
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6.3 Cancellation Conclusions 

The cancellation magnet configuration(CMC) strategy yielded an average improve

ment of 56.1%, 68.1%, and 76.2% for all data points tested experimentally at distances 

of 0.22 m, 0.33 m, and 0.52 m, respectively. This constitutes a significant reduction 

in the magnetic noise contributions of single components. The CMC strategy could 

be easily implemented for all servo actuators onboard GeoSurv II. The CMC strategy 

is most beneficial for unpaired sources such as the nose landing gear and throttle 

servos. Paired servos, such as the fiaperon, elevator, and rudder servos, may have 

their net magnetic signature reduced by counterorienting each servo relative to the 

other, along the dominant magnetic dipole axis. 

The CMC approach requires the use of permanent magnets which are closely paired 

in magnetic dipole moment magnitude to sources. Care must be taken when orient

ing the cancellation magnet to each source since improper orientation may result in 

increased magnetic signature, which is undesirable. 

Additional recommendations for this approach, are to investigate the use of multiple 

cancellation magnets to cancel multiple components of each source's magnetic dipole 

moment. Also, the manufacture of magnets of custom magnetization would allow for 

exact matching of the magnitude of each source's dipole. Furthermore, the effect of 

the cancellation magnet on servo performance was not investigated. It is possible 

that the cancellation magnet may reduce the performance of the servo. 



Chapter 7 

Testing and Analysis of Assembled 

GeoSurv II Pro to type 

7.1 Introduction 

Geomagnetic survey aircraft must fly a Figure of Merit (FOM) test at the beginning 

of each survey. A FOM involves manoeuvring the aircraft through different att i tude 

variations (pitch, roll, yaw) in four flight directions (usually cardinal directions) to 

measure the magnetic noise variations for each heading and atti tude combination. 

This allows for an evaluation of the magnetic signature of the aircraft at the survey 

location, and allows for partial compensation of the magnetic noise through data 

processing. Since an evaluation of the current magnetic noise of GeoSurv II was 

required to determine the level of improvements necessary to operate within design 

specifications, and because the GeoSurv II prototype has not achieved first flight 

at the time of this writing, an alternative testing scheme was required to develop a 

benchmark for the magnetic noise of the UAS while on the ground. 

This chapter outlines testing of the assembled GeoSurv II prototype to determine 

magnetic noise at the wingtip magnetometers under varying conditions. For this series 
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of testing, components that were known to be magnetic and are not intended to be 

used on the final GeoSurv II design were removed and replaced with nonmagnetic 

equivalents. These components include the steel ballast, the landing gear, and the 

wing-boom shear bolts, among others. As was stated in Section 1.2.2, the allowable 

magnetic noise is ±0.1 nT and ±0.01 nT for time invariant and time varying sources 

in a 0 to 5 Hz range, respectively. The test procedures, analysis, and results are 

described in greater detail in [29]. 

7.2 Actuation of Control Surfaces 

Due to the proximity of the control surfaces to the onboard magnetometers, there 

was a concern that any magnetic materials within each control surface or control 

surface control systems may cause unwanted transient magnetic noise. All control 

surfaces on GeoSurv II are of nonmagnetic construction, but some of the control rods 

used to transfer forces from the servos to the control surfaces are known to be slightly 

ferromagnetic. Due to the difficulty of loading each control surface appropriately 

to simulate realistic flight behaviour, and since the servos will have been previously 

tested under loading, only the effect of moving each control surface on magnetic noise 

was studied for this investigation. 

For this experiment, the GeoSurv II prototype was assembled in the Absolute 

Building of the Geomagnetic Laboratory. A Cesium magnetometer was placed at each 

respective wingtip magnetometer location. The UAS was wired and powered to allow 

proper actuation of all control surfaces using a radio controller. The experimental 

setup used can be seen in Figure 7.1. 

Each control surface servo was tested by performing both fast and slow actuation. 

The slow actuation sequences comprised of roughly 3 cycles of minimum to maximum 
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Figure 7.1: Experimental setup used for indoor full scale testing at the Geomag
netic Laboratory. Magnetometers were placed at the respective UAS wingtip 
locations. 

travel points over approximately 25 seconds. The fast actuation sequences comprised 

of roughly 10 cycles of minimum to maximum travel points over approximately 10 

seconds. The two speeds were taken to rule out any effect from a varying background 

field. Also, during baseline readings, the UAS was unpowered and all control surfaces 

were in the neutral position. A reference sensor was not used, so for each data set 

it was assumed that the background field did not vary throughout the experiment. 

(4.1) was used to generate the offset for each sensor. 

As can be found in Appendix B, there does not appear to be any effect of actuating 

the elevator and rudder control surfaces, as well as for throttle actuation, on the 

transient magnetic noise experienced at the wingtips. Analysis of Figure 7.2 shows 
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that actuating the flaperons affects the transient magnetic signature of the UAS. 

Additionally, the effect is greater at the starboard magnetometer than at the port 

magnetometer. 

Figure 7.2: Behaviour of Magnetic Field while actuating both flaperons in a roll ma
noeuvre using powered servos. The magnetic noise effect for the starboard (top) 
and port(bottom) magnetometers is shown for the fast actuation scenario. The 
magnetic noise observed at the wingtip magnetometers appears to be related to 
actuating the control surface, especially for the fast actuation sequence. 

A F F T analysis was completed for the flaperon actuation data as can be seen in 

Figure 7.3. From the frequency domain analysis, it appears that the magnetic noise 

at the port magnetometer is within design specifications, but that the magnetic noise 

at the starboard magnetometer is slightly above design specifications for frequencies 

< 1.5 Hz. If the flaperon servos could be relocated to the fuselage this would almost 

certainly bring the transient behaviour to within the design specification of ± 0.01 

nT for time-varying noise in the 0 to 5 Hz bandwidth. 
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Figure 7.3: Behaviour of Magnetic Field while actuating both flaperons in a roll 
manoeuvre analyzed in the frequency domain. The transient magnetic noise 
at the starboard magnetometer appears to be above design specifications for 
frequencies < 1.5 Hz. 

7.3 Simulated Wingtip Deflection 

Since the wingtips are expected to deflect upwards under aerodynamic loading, it 

was necessary to determine the magnetic field properties above the wingtip sensor 

locations. Ideally, the variation of the magnetic field at the wingtip sensors will be 

negligible. For this test, the entire UAS remained stationary in the setup shown in 

Figure 7.1. with the wings experiencing no loads or deflections. Instead, the wingtip 

sensors were displaced vertically in incremental distances to simulate the effect of 

wingtip deflections. 
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One wingtip was tested at a time, with the other wingtip magnetometer acting as 

a reference sensor. (4.1), (4.2), and (4.3) were used to remove any background field 

effects. Figure 7.4 indicates that the magnetic noise effect of wingtip deflection is 

much more severe on the starboard side than it is on the port side. However, a flaw 

in the experimental procedure was noted after testing was completed. When testing, 

the assumption was made that the background magnetic field did not vary in the 

upwards direction at either wingtip location, since a baseline reading was taken only 

at the undeflected state. This assumption may not be entirely valid, and as such it is 

recommended tha t when this experiment is conducted in the future that a baseline 

reading without the UAS present be taken to account for any local magnetic field 

gradients. 

This series of testing may not be necessary in the future since there are a variety 

of ways in which the different sections of the UAS structure can move with respect 

to one another due to the airframe not being rigid. This makes the analysis of all 

possible deflections increasingly difficult. 
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Figure 7.4: Behaviour of wingtip magnetic noise while simulating wingtip deflec
tions. Results indicate that there is a large magnetic gradient above the star
board wingtip location. The gradient of the background field was not measured, 
so it is not known whether this effect is due entirely to the magnetic field pro
duced by GeoSurv II. 

7.4 Gradiometer Test 

The concept behind this test is that by positioning the magnetometers in a gra

diometer configuration, it is possible to determine the locations at which the magnetic 

noise is greatest for sensors spaced according to the current GeoSurv II design. The 

procedure of this experiment follows the gradiometer procedure outlined in Section 

4.2.3. The magnetometers were spaced to allow the inner wingtip fairing to pass 

on either side with approximately 0.05-0.08 m of clearance. A picture taken during 

testing is shown in Figure 7.5. 
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Figure 7.5: Experimental setup used for full scale gradiometer testing at the Geo
magnetic Laboratory. GeoSurv II was moved in incremental distances manually 
past two stationary Cesium magnetometers in a gradiometer configuration by 
nonmagnetic volunteers in a South-North direction. 

Baseline readings were taken before and after each data set, and the measure

ment values were calculated using (4.1), (4.2), and (4.4). From Figure 7.6, it can 

be observed that the UAS has several locations at which the magnetic noise peaks 

indicating multiple sources of magnetic noise. It is also interesting to note that the 

magnetic noise experienced at both wingtips was not the same, meaning that the 

total magnetic noise of all sources is not symmetric about the longitudinal axis of the 

UAS. 



148 

-5 A B C D E 5 
Distance from GeoSurv II Wing Spar [m] 

Figure 7.6: Behaviour of magnetic noise for GeoSurv II while moving past two 
Cesium Magnetometers in a gradiometer configuration. Axis reference labels: 
(A) empennage trailing edge, (B) empennage leading edge, (C) wing trailing 
edge, (D) wing leading edge, and (E) nose. The magnetic noise is largest near 
the wings, a result that is unfavourable for the current GeoSurv II design. 

Additionally, Figure 7.7 indicates that the largest magnetic noise gradient between 

the two sensors occurs at the wingtip location. This results is undesirable since this 

is where magnetometers are designed to be located on the GeoSurv II design. As 

explained in Chapter 5, this was determined to be due to the orientation of the 

magnetic dipole within each servo and the combined effect due to the configuration 

of the empennage servos. Since all paired servos are similarly oriented, this results in 

the large magnetic noise exhibited on the GeoSurv II prototype. 
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Figure 7.7: Behaviour of magnetic noise gradient for GeoSurv II while moving 
past two Cesium Magnetometers in a gradiometer configuration. The largest 
magnetic field gradient occurs at the wingtip locations. 

7.5 Heading Test 

This test provided the most definitive measure of the magnetic signature of GeoSurv 

II without actually performing a Figure of Merit (FOM) described in Section 7.1. 

The magnetic noise experienced at the wingtip sensors was expected to vary with the 

heading of the UAS due to the interaction of Earth's background magnetic field with 

the magnetic noise sources onboard GeoSurv II. 

GeoSurv II was rotated about the vertical axis intersecting the centre of the wing 

carry-through spar through varying headings. The locations of measurements are 

shown in Figure 7.8, and the experimental setup is shown in Figure 7.9. It is worth 

noting the location of testing was fairly flat such that the experiment effectively 
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simulated level flight at different headings 

Figure 7.8: Locations of measurement points used during full scale heading test. 
Baseline readings were taken at each of the measurement points to allow for the 
background field to be removed from test results. Magnetic noise measurements 
were taken for each wingtip at headings of North, Northeast, East, Southeast, 
South, Southwest, West, and Northwest, which correspond to the measurement 
points shown. 
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Figure 7.9: Experimental setup used during full scale heading test. The magnetic 
noise was evaluated one wingtip at a time. A reference magnetometer was used 
to measuie changes in the background magnetic field. The maximum local 
magnetic field gradient was 2.64 n T / m . 

The background field was removed using baseline readings taken at locations cor

responding to the wingtip positions at various headings; these baseline readings were 

taken with GeoSurv II positioned far enough away to not affect the local magnetic 

field of the test area. Since a reference sensor was used, any variations in the back

ground magnetic field were accounted for using (4.2) and (4.3). It can be seen in 

Figure 7.10 that the magnetic noise is more than two orders of magnitude larger than 

the allowable magnetic noise as defined by the design specifications [3] as ±0 .1 nT 

for time invariant sources. Additionally, there is a significant difference between the 

magnetic noise behaviour at the starboard and port wingtip locations, meaning tha t 

additional measures will be needed to further reduce the magnetic signature. It may 

also be noted that largest total noise occurs when GeoSurv II is in a North-East head

ing, and the smallest total noise occurs when GeoSurv II is in a South-West heading, 

implying that survey lines should be flown at a South-West heading, which is not 
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practical from a geomagnetic surveying standpoint. 
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Figure 7.10: Behaviour of wingtip magnetic noise for GeoSurv II at various headings. 
The measured wingtip magnetic noise is larger than the allowable magnetic 
noise, and is significantly different for both wingtips. 

It may be noted tha t when comparing the magnetic noise values for a North head

ing from Figure 7.10, 33.3 nT (starboard) and -27.7 nT (port), to those from the 

gradiometer testing corresponding to the measurement where the the wingtips were 

closest to the magnetometers, -0.3 nT (starboard) and -4.4 nT (port), that the values 

do not agree. Note that the values from the gradiometer testing were taken approx

imately 0.15 m further away from the centreline of the UAS. The reason for this 

difference was not determined during the course of this research. It is believed that 

there is a large magnetic field gradient near the wingtip locations which may have led 

to the difference in values. 
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Additionally, the difference in the magnetic noise behaviour at both wingtips was 

determined to be due to asymmetry of the magnetic field sources. Even though 

the magnetic field sources on GeoSurv II are geometrically symmetrical about the 

longitudinal axis of the UAS, the magnetic dipole moment within each servo is not 

aligned with the geometry of the servo, leading to an unsymmetrical magnetic profile. 

7.6 Full-scale Testing Conclusions 

From the full scale testing, it may be concluded that the wingtip magnetic noise of 

the current GeoSurv II prototype does not meet design specifications. The transient 

noise due to the actuation of the flaperon control surfaces may be reduced by increas

ing the distance between flaperon servos and magnetometer locations. Additionally, 

the magnetic noise found at the wingtip locations highlights the requirement for the 

use of additional methods to reduce wingtip magnetic noise. These methods may in

clude cancellation schemes, and source configuration optimization schemes designed 

to reduce magnetic noise at wingtip magnetometer locations. 



Chapter 8 

Genetic Algorithm Magnetic Signature 

Optimization 

8.1 Introduction 

After analysis of the magnetic signature of GeoSurv II as described in Chapter 7, 

it was concluded that it would be necessary to use multiple approaches to minimize 

the wingtip magnetic noise. The first approach being to minimize each source locally 

through cancellation. The second approach being to configure each source such that 

the combined effect at the wingtip magnetometer locations would be minimized. 

The Genetic Algorithm Magnetic Signature Optimization (GAMSO) strategy was 

designed to optimize the configuration (location and orientation) of magnetic noise 

sources such that the combined effect at each wingtip magnetometer location was 

attenuated, equalized, and spatially uniform. This strategy was developed using 

custom MATLAB scripts, which are completely modular allowing for easy and simple 

modification of parameters such as source bounds and sensor measurement points. 

The GAMSO package presented here was created for the GeoSurv II UAS prototype, 

but can easily be modified for other applications. 
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This chapter will present a brief summary of genetic algorithm theory, outlining 

the key components of genetic algorithms, along with alternative implementation 

strategies for each component. Additionally, a detailed description of how the genetic 

algorithm was applied to GeoSurv II magnetic source configuration through the de

velopment of GAMSO will be provided. The effectiveness of GAMSO to determine 

the optimal solution is evaluated through an analysis detailed in this chapter. Fi

nally, theoretical results from the GAMSO strategy are presented and compared to 

experimental results. 

8.2 Genetic Algorithm Theory and GAMSO Im

plementation 

Genetic algorithms come from a branch of evolutionary algorithms that locate a 

population of optimal solutions through a stochastic heuristic search. Initial work 

on the subject was presented by Holland [33], and further expanded to a variety of 

practical problems by Goldberg [34]. Genetic algorithms operate by subjecting a 

population of possible solutions to the biological processes of genetics and evolution. 

Haupt and Werner [35] state that "genetics is the study of the inheritance and vari

ation of biological traits" and evolution "results in genetic changes through natural 

selection, genetic drift, mutation, and migration." Individuals within populations are 

evaluated on their fitness, and subjected to evolutionary forces which yield a popu

lation of individuals that are best suited within a defined environment. In terms of 

optimization, the fitness of each individual is evaluated by a defined cost or objective 

function. It is the fitness function that defines the environment. 

Traits of successful individuals may be carried directly over to the next generation, 

known as elite selection (natural selection in the biological world), or may be mixed 
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with the traits of other successful individuals in a process created to mimic mating 

called crossover. In order to maintain genetic diversity, individuals are also subject 

to mutation whereby one part of their genome is altered to produce a new individual. 

Each new population generated is referred to as a generation. The genetic algorithm 

may be terminated if a set number of generations is reached, the best fitness func

tion of the population has converged, or if a defined amount of time has elapsed, 

among other options. A detailed explanation of how these evolutionary processes are 

implemented and integrated into GAMSO will be explained in this section. 

The general process of genetic algorithms begins with creating an initial popula

tion, for which the fitness function of each individual in that population is evaluated. 

Individuals are then selected for elite selection and crossover based on their fitness 

function. Additionally, individuals are selected, usually at random, for mutation. The 

subpopulations created by elite selection, crossover, and mutation are then combined 

to create the population defining the next generation. Before evaluating the fitness 

function of the individuals in the next generation, termination conditions are eval

uated to ensure that subsequent generations are necessary. The process followed to 

implement genetic algorithms is shown in Figure 8.1. 

The advantages of genetic algorithms over other optimization strategies are as 

follows [35]: 

• Ability to handle both continuous and/or discontinuous variables. 

• No need to supply or to calculate any derivative information. 

• Ability to handle a large number of variables over complex cost surfaces. 

• Output generates a list (population) of optimum solutions, instead of a single 

solution. 



157 

Select Elite 
Individuals 

(End> 

Create Initial 
Population 

£ 
Evaluate 

Fitness of Each 
Individual 

I — 
Select 

Individuals for 
Crossover 

Perform 
Crossover 

Concatenate] 
Population 

Check 
Termination 

If Condit ions\Condit ion§ 
Met 

Mutate 
Selected 

Individuals 

if Conditions 
Not Met 

Figure 8.1: Block diagram of the processes used in genetic algorithms. The main 
processes are creation, selection, mutation, and crossover, which all allow the 
population to change from one generation to the next. 

• Relatively easy to implement and to alter once created. 

Some disadvantages of genetic algorithms compared to other optimization strategies 

are as follows [35]: 

• Fast initial convergence, followed by slow improvements as the genetic diversity 

of the population decreases. Genetic algorithms are often paired with other 

optimization algorithms for this reason. 

• Uncertainty of termination conditions for some problems. It is not clear when 

the global optimum has been reached. 
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• Tendency to converge to local optima, rather than the global optimum. There 

are algorithms which may be built in to avoid this such as imposing a niche 

penalty. 

8.2.1 Constraints 

Genetic algorithms are able to handle many types of variables and constraints, 

including continuous and discontinuous variables. Variables in genetic algorithms are 

known as genes. Variables used in genetic algorithms must be numerical, although 

nonnumerical values can be used as long as they are assigned a numerical value. A 

sequence of genes is known as a chromosome. The chromosome is the entire string 

of genes which define an individual. Furthermore, a collection of chromosomes is 

referred to as a population. It is possible to have identical individuals within the 

same population. 

Individuals can be evaluated against defined constraints, and individuals with con

straint violations may be treated in several different ways. A few of the possibilities 

are listed below: 

1. Individuals can be assigned an arbitrarily large fitness function value. This will 

ensure that the individual is not selected as part of the elite population, and will 

significantly decrease the probability of the individual being chosen as a parent 

for crossover. However, this individual may still be selected for mutation in 

some schemes which may not necessarily correct the constraint violation. 

2. A new individual may be generated using the creation algorithm, taking the 

place of the individual with the constraint violation. This does not guarantee 

that the replacement individual will not have have a constraint violation. 
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3. Application of a penalty term to the fitness function of the individual such that 

the probability of the individual being selected for crossover is decreased but 

not to the same extent as Option 1. This individual may still be selected for 

mutation. 

4. The individual may be repaired using a repair heuristic as outlined by Salcedo-

Sanz [36]. The genes which cause the constraint violation may be identified and 

altered such that the individual no longer violates the defined constraints. 

Options 1 to 3 are easy to implement, but may involve the premature removal 

of that individual's genes from the population which may cause slower convergence 

towards the optimal solution. Option 4 involves added complexity to the algorithm, 

but will often yield a faster convergence towards the optimal solution [36]. Option 1 

was chosen for constraint handling in GAMSO due to its ease of implementation. 

The slower convergence of this option was deemed acceptable since this is an entirely 

offline application. 

Upper and lower bounds may be established for each gene. Provided that the upper 

and lower bounds are respected in the creation and mutation functions, they will not 

be violated in the remainder of the algorithm. 

The configuration of each source may be defined by six variables which are x-, y-, z-

locations and rotations about the x-, y-, and z-axis. Since the GeoSurv II prototype 

uses 14 servos as shown in Figure 1.3, this would yield a problem with a total of 

84 variables/genes. The total number of variables may be further reduced with the 

assumption tha t sources are configured symmetrically about the xz-plane of the UAS 

(reference Figure 8.2). This means that by defining the starboard flaperon, elevator, 

and rudder servo pairs, that the configuration of their port counterparts may be 
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defined through a simple translation and rotation of the starboard equivalents. This 

reduces the total number of variables/genes to 48. The constraints applied to each 

GAMSO gene result in a chromosome that is composed of 24 continuous variables 

(locations), and 24 discontinuous variables (rotations). 

Upper and lower bounds for the location of each source were defined as follows: 

• Control Surface (flaperon. elevator, rudder) Servos: Sources may be located 

anywhere along the span of each control surface, and must be contained by the 

chord and camber of the airfoil corresponding to the control surface. 

• Throttle Servo: Source may be located anywhere in the standoff gap between 

the rear of the fuselage and the engine mounting plate. 

• Nose Landing Gear (NLG) Servo: Fully constrained location due to the geom

etry of the NLG. The location was defined as a variable rather than a constant 

to allow the option of location optimization for future versions of GeoSurv II 

tha t may include a redesigned NLG. 

The bounds for both location and orientation are defined in the script GAM-

SObounds. m. Additionally, the locations of the control surface servos were constrained 

such that they would not interfere geometrically with one another. This was imple

mented by ensuring that the minimum centre-to-centre distance for each servo pair 

was greater than a defined offset, which in the case of the Hitec HSR-5990TG is 0.065 

m. A separate function named GAMSO constraint.m is called to determine if there 

are any constraint violations. Constraint violation repair was completed in the main 

script GAMSOmaster.m. 

Finally, the orientation of each source was constrained such that it must be orthog

onal to the coordinate planes of the UAS, defined in Figure 8.2. This constraint was 



161 

introduced for two reasons. The first being that it is much simpler to install servos 

that are orthogonal to the coordinate planes. More importantly, this was necessary 

to ensure that the mechanical force from each servo could be utilized easily with a 

simple control linkage. 

Figure 8.2: GeoSurv II coordinate system used for GAMSO strategy, x is along the 
longitudinal axis, y is along the lateral axis, and z is along the vertical axis. 
Origin is at the intersection of the wing carry-through spar and lateral centre 
of the fuselage. 

Additionally, for the control surface servos, a further subset of the orthogonal ori

entations was utilized to ensure that the plane of travel of each servo armature con

tained the x-axis of the UAS in order for the servo torque to be utilized directly. In 

other words, the plane of travel of the servo armature must not be in the yz-plane of 

the UAS. A list of feasible servo orientations was generated using the script GAM-

SOconfigs m which is used for creation and mutation of orientations. Also defined 

in GAMSOconfigs.m are two lists of orientations corresponding to the two separate 

rotation matrices needed to properly generate port sources from defined starboard 

sources. 
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8.2.2 Fitness Function 

In biology, the fitness of an individual is related to its ability to survive, and re

produce within its environment. In genetic algorithms, the fitness of an individual 

is evaluated using a fitness function which is akin to cost or objective functions in 

optimization. The objective of genetic algorithms is to minimize the fitness function 

value of the population. The most fit individual in a population will be the one with 

the lowest fitness function value. The fitness function determines the suitability of 

an individual for elite selection and crossover. The genes composing each individ

ual's chromosome are more probable to be carried over to the next generation if the 

individual has a favourable fitness within the population. 

The fitness function in GAMSO was designed to attenuate, equalize, and make spa

tially uniform the magnetic flux density at the wingtip magnetometer locations. Due 

to aerodynamic loading, there will be deflection of the wingtips during flight, result

ing in translation of the wingtip magnetometers relative to the rest of the airframe. 

Additionally, the location of the magnetometer sensors may be anywhere within a 

0.178 m (7") diameter sphere within the wingtip fairings, as defined by SGL. For 

this reason, a cubic array of measurement points at each wingtip magnetometer loca

tion was created to represent the 0.178 m diameter sphere, and to allow for wingtip 

deflections of up to 0.089 m. Each measurement point within each magnetometer 

domain is also assigned a weight proportional to its proximity to the centre of the 

respective magnetometer domain. This was used to assign higher priority for fitness 

to the points at the centre of each magnetometer domain than to points near the 

exterior of the domain. The weighting of each measurement point, W, is calculated 

as follows 
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where ||r|| is the distance from the centre of the magnetometer domain to the measure

ment point. Since a measurement point is defined at the centre of the magnetometer 

domain, and since the associated weighting factor would be infinite, a separate weight

ing factor is assigned to this measurement point with the following equation: 

D, 
' Wcentre 3/—^ • » / - ' \°-^J 

where Dmag is the diameter of the magnetometer domain, which in the case of GeoSurv 

II is 0.178 m, and n is the number of measurement points. (8.2) simply calculates 

the distance between measurement points divided by the number of measurement 

points along each side of the cubic array of measurements. This weighting factor is 

used to calculate the attenuation and equalization. In GAMSO, the magnetometer 

measurement points along with their respective weighting factors were generated in 

a scripted called genmagpoints.m. 

The three fitness metrics are explained below: 

Attenuation 

Attenuation refers to the decrease in magnetic flux density in regions of interest. 

Since the magnetic field at a point is the vector sum of all of the contributions from 

individual sources, it is possible to create small regions where the magnetic field 

is significantly decreased. This is the most important metric for the GeoSurv II 

application and as such is the most heavily weighted. 

The equation used to evaluate the attenuation within each magnetometer domain 

is expressed as: 

1 n 

Attenuation = Katten— \ Wi 5 , , (8-3) 
n ' ^ n 

1=1 
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where Katten is the penalty term used to ensure that the attenuation remains the most 

heavily weighted part of the fitness function, and B% is the magnetic field at point 

i. This calculation must be completed for both magnetometer domains separately in 

order to make sure that both are attenuated. 

Equalizat ion 

Equalization refers to the difference in magnetic field between the starboard and 

port magnetometers. This metric is important because the magnetic field gradient 

measured in nT /m is often used in the analysis of geomagnetic data. If the difference 

in the magnetic noise between the starboard and port magnetometer locations is too 

large, then errors are introduced into the analysis of the magnetic field gradient. 

When calculating the equalization, it is necessary to consider the difference in the 

vector field between starboard and port magnetometers. This is necessary because 

the interference vector which is the vector sum of the individual contributions of 

all individual's will also combine with the background field vector. If the port and 

starboard interference vectors are not oriented identically, they will interact with the 

background magnetic field to produce a different amount of magnetic noise at each 

wingtip even though they may have identical magnitudes in the zero background field 

scenario. This point can be visualized by referring to Figure 5.2. 

The formula used to calculate the equalization in GAMSO is as follows: 

1 " I -
Equalization = Keq— \ ^ W% Beql , (8-4) 

where, 

13eq,i £*starboard,i J->port,i; V""" / 
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where Bstarboard,i and Bport}l are the vectors of magnetic interference for measurement 

point i, and Keq is the penalty term for the equalization metric. The weighting factor, 

W, is included in (8.4) since it is more probable that the magnetometer will be at 

the centre than at the extremes of each domain, making it more desirable to equalize 

the points closest to the centre than it is for points further from the centre. 

It should be noted that it is necessary to compare corresponding points. For exam

ple, the point that is lowest, furthest aft, and closest to the fuselage on the starboard 

side must be compared to the corresponding point on the port side. In GAMSO, this 

was completed by arranging the order of the magnetometer measurement points such 

that corresponding points are in the same order for both magnetometer domains. 

Spatial Uni formity 

Spatial Uniformity refers to attempting to make the magnetic noise gradient within 

each magnetometer domain as small as possible. This is necessary since the location 

of the magnetometer within the domain will not be constant during flight. Due to 

aerodynamic loading, there will be varying amounts of wingtip deflection causing the 

location of the magnetometer to change with respect to the rest of the UAS. If the 

magnetic field gradient within the magnetometer domain is too great, then this will 

appear as time-varying magnetic noise as the wingtip deflection changes throughout 

the mission. 

The uniformity of the magnetic field within each domain may be measured by 

simply finding the difference between the maximum and minimum magnetic field 

within each domain. This calculation is shown below: 

Uniformity = Ku B B ) , (8-6) 



and 
max 

B 
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are the where Kun is the penalty term for spatial uniformity; B 

maximum and minimum values of the total magnetic field within a specific magne

tometer domain, respectively. The spatial uniformity must be calculated for both 

magnetometer domains separately. 

G A M S O Fi tness Funct ion 

Since fitness must be represented by a scalar, it is necessary to combine all of the 

fitness metrics into a single value. In GAMSO this was performed by the summation 

of all fitness metrics, as shown below: 

Fitness = Attenuation starboard + Attenuationport 

(8.7) 
+ Equalization + Uniformitystarboard + Uniformityport, 

Additionally, it was necessary to define the penalty terms Katten, Keq, and Kun 

through experimentation with GAMSO. These values were chosen such that the atten

uation components had the greatest contribution, followed by roughly equal weighting 

for the equalization and uniformity components. 

In GAMSO, the fitness function is calculated using the GAMSOmagfield.m script. 

This script outputs the magnetic field vector and total field at each measurement 

point, along with the fitness function components and fitness function sum. Only the 

fitness function sum is used during the genetic algorithm. The magnetic vector and 

total field measurements, and fitness function components are used in post-processing. 

8.2.3 Population Creation 

The first step in a genetic algorithm is to define the initial population. The initial 

population controls the genetic diversity of the population used in the first generation 
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of genetic algorithm. The population of a generation is defined by a matrix that is 

of size Total Population x Number of Genes. Each row in the population matrix 

represents the chromosome of an individual. The initial population may be defined 

in one of three ways: 

1. Generate New Population: Initial population may be randomly or uniformly 

generated using a creation function. The creation function may be hidden as 

is often the case in genetic algorithm toolboxes, or it may be customized as 

is the case with custom coded genetic algorithms. When initiating a genetic 

algorithm for the first time, it is necessary to generate a new population. Each 

individual in this population is a guess at the optimum solution. 

2. Previous Final Population: The initial population may also be defined as the 

final population of a previous run of the genetic algorithm. This means that the 

genetic algorithm may be repeatably run for a discrete number of generations, 

whereby the final population of one run becomes the initial population of the 

next such that the total number of generations is equal to the sum of the 

number of generations from the individual runs. It is still necessary to initialize 

the genetic algorithm with a generated population for the first generation. 

3. Combination: An initial population may also be defined as a combination of 

randomly or uniformly generated individuals and individuals from a previous 

run. This is useful for the scenario when a population is to be expanded from 

one run to the next. The final population of the previous run can be imported 

into the current run, and can be supplemented with a generated population to 

accommodate an increase in total population size. 

The GAMSO strategy is able to utilize all three listed options. The ability to run 

a consecutive series of genetic algorithm runs, as explained in Method 2, was quite 
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useful in terms of saving populations throughout the optimization. This allowed 

optimization over a large number of generations to be completed in a series of smaller 

runs. 

In GAMSO, to define a new population use the GAMSOcreation.m script which 

generates a random population of potential solutions. It creates the locations and 

orientation portions of the population separately since the locations are continuous 

and the orientations are discontinuous. For sources that must be oriented in one of 

a subset of feasible orientations, an orientation previously defined by GAMSOcon-

figs.m is randomly selected. Additionally, the current configuration of GeoSurv II 

and the manually optimized configuration (servo pairings have +y-axis of one servo 

counteroriented with respect to the other but positions remain the same) were seeded 

into the initial population. A brief description of each configuration is provided in 

Table 8.1 for reference. 

Table 8.1: Brief description of configurations used during optimization. 

Configuration 

Current 

Manually Optimized 

GAMSO 

Description 

Servo locations and orientations same as 
on current GeoSurv II prototype. 

Servo locations same as on the current 
GeoSurv II prototype. Servo pairs (flap-
eron, elevator, rudder) are counterori
ented such that their x-axes are similarly 
oriented but their y-axes are oppositely 
oriented relative to one another. Single 
servos (throttle, nose landing gear) are ori
ented the same as on the GeoSurv II pro
totype. 

Servo locations and orientations deter
mined through the GAMSO strategy. 
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8.2.4 Population Selection 

Evolutionary processes such as natural selection and mating are essential for pro

ducing populations that are adapted to their environment and are genetically diverse, 

ensuring that the best genes are carried over from one generation to the next. These 

processes are mimicked in genetic algorithms by the elite selection and crossover func

tions, respectively, whereby it is important tha t the variables which yield the best 

solutions are carried over to the next generation. Population selection is necessary to 

define the population of the succeeding generation. The mechanisms by which each 

generation, other than the initial generation, are defined are elite selection, crossover, 

and mutation. These mechanisms are used in varying fractions with respect to one 

another to create the population for the next generation. 

Elite Select ion 

Elite selection refers to directly importing the best solutions of a previous generation 

directly into the current generation. This is always done by selecting the fittest 

individuals. The variation that one might see in this application is the fraction of 

the total population that is composed of elite individuals, also known as the elite 

fraction. This may be defined within the genetic algorithm to be a constant, or may 

vary depending on the genetic diversity of the population. It is important to maintain 

genetic diversity in order to avoid premature convergence to a local minimum instead 

of a global minimum. Additionally, the elite fraction may not be defined and instead 

the number of elite individuals are selected according to a threshold fitness, whereby 

individuals with fitness greater than the threshold are carried over directly to the 

next generation. Similar to the elite fraction, the threshold fitness may be predefined 

or can vary depending on the current population. 
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In GAMSO, the elite fraction is defined in the options at the beginning of the 

GAMSOmaster.m script. Elite individuals, along with their fitness function values, 

are carried over directly into the next generation. The fitness function values of these 

individuals are never recalculated, which increases the speed of the GAMSO scheme. 

Crossover Select ion 

Crossover selection relies on the choosing of two (or more) individuals with good 

fitness, which will then combine in some defined maimer to form one (or more) chil

dren. The mechanisms used for crossover will be discussed in 8.2.5. The number of 

individuals selected for crossover is controlled by the crossover fraction which is the 

fraction of the remaining succeeding population (total population less elite individu

als) that is to be filled by crossover children. The selection of individuals for crossover 

is most commonly created in one of two ways: 

1. Roulette Wheel Selection: Individuals are assigned a probability of being se

lected for crossover based on their fitness. Individuals with the highest fit

ness have a higher probability of being selected. A uniform random number is 

then generated and the individual corresponding to that number is selected for 

crossover. Additional uniform random numbers are generated and individuals 

are selected until there are enough parents for crossover. The probability of an 

individual to be selected can be based either on its rank within the population 

or by its normalized fitness function value [35]. 

2. Tournament Selection: A subset of individuals is randomly chosen from the 

entire population and ranked by fitness function value. The fittest individual 

within the subset is selected to be a parent for crossover. This process is re

peated until enough parents for crossover are generated. The size of the subset 

of individuals randomly selected may be constant or varying. 
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According to Haupt and Werner [35], the probability of selection of individuals 

for rank order roulette wheel and tournament selection is nearly the same. Both 

methods are simple to implement. In GAMSO, tournament selection was used to 

select parents for crossover. The selection of parents for crossover is performed in the 

GAMSO selection.m script. 

Mutation Selection 

The selection of individuals for mutation is most often random, but it can be per

formed on a subset of the population such as the elite individuals. The number of 

individuals selected for mutation is the number of individuals needed to fill the re

mainder of the succeeding generation not defined by elite selection or crossover. In 

GAMSO, individuals are chosen randomly for mutation. This is done in the GAM-

SOselection.m script. 

Population Concatenation 

The population of the succeeding generation is compiled from the subpopulations 

of elite individuals, crossover children, and mutated individuals. In GAMSO the 

elite fraction and the crossover fraction are defined as constants in the main options 

structure of GAMSOmaster.m. A function was built in to GAMSO so that if the 

population remained stagnant, i.e. no improvement in the best fitness function over 

a defined number of generations, called stall generations, then the elite fraction and 

crossover fraction would be decreased. This was intended to allow for additional 

mutation, and hence additional genetic diversity within the population. This measure 

was implemented in order to avoid converging to local minima. 
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8.2.5 Population Crossover 

Crossover is the genetic algorithm equivalent of mating in evolution. It involves the 

combination of two (or more) individuals to create an offspring that differs from its 

parents. This essentially provides a means of combining favourable genes to produce 

a chromosome that is better than its parents. This is most often completed with 

two parents, but can be completed with N parents, where N is the number of genes 

within each chromosome. 

There are many ways that the genes from parents may be combined to form a 

crossover child. Among others, the two most common methods are listed as follows: 

1. Single-point crossover: A random integer, i, between 2 to iV — 1 is generated. 

All of the genes before genei are taken from parent #1, and the remainder of 

the genes are taken from parent #2. A second offspring may be generated by 

reversing the order of the parents. 

2. Multi-point crossover: A random binary string of length N is generated. The 

first offspring inherits genes from parent #1 in all of the locations where the 

string has a value of 1, and inherits genes from parent #2 in the locations where 

the string has a value of zero. Again, a second offspring may be generated 

whereby a string value of 1 means inheritance from parent #2, and a string 

value of zero means inheritance from parent #1. 

The multi-point crossover method was implemented in GAMSO. This was per

formed in the script GAMSOxover.m. Special care had to be taken with the orienta

tion components of the chromosome, since the orientation is defined by the combined 

XYZ-rotation of the source. Simply mixing the orientation genes would result in 

offspring that are similar to neither parent, and hence potentially introduce unde

sirable solutions and even constraint violations. The entire orientation chromosome 
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(XYZ-rotation) for each source was treated as a single gene during crossover. 

8.2.6 Population Mutation 

Mutation introduces variations into the chromosome of selected individuals. Ran

dom mutation within a population can help to inject diversity into the gene pool of a 

population. This is especially useful for populations which have converged onto local 

minima. 

In GAMSO, this is completed by randomly selecting a certain number of individ

uals who will then have one or more of their genes altered. The chromosome of each 

individual may be broken up into the location chromosome and the orientation chro

mosome. The number of location and orientation genes that will be altered is chosen 

at random. Additionally, the location and orientation genes that are altered are also 

chosen at random. The genes are then altered by replacing them with random val

ues which are generated using the same procedure as in population creation. Using 

the same gene creation method ensures that the mutated genes will not violate the 

bounds, whereas altering the genes through an operation such as multiplication with 

a random number can generate genes which cause boundary violations. Mutation in 

GAMSO is performed in the GAMSOmutation.m script. 

8.3 GAMSO Results 

This section presents the results of the GAMSO implementation. A study on the 

efficiency of GAMSO was conducted. The results of the theoretical optimized config

uration were validated experimentally, as will be described in this section. 
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8.3.1 G A M S O Efficiency 

An investigation was conducted to evaluate GAMSO's ability to find the global 

minimum of a defined problem. For this investigation, additional constraints were 

placed on the GeoSurv II GAMSO definition, to produce a manageable number of 

potential solutions. All source locations, and the orientations of both # 2 elevator and 

# 2 rudder servos, the throttle servo, and the nose landing gear servo were fixed to 

their respective configurations on the GeoSurv II prototype. The orientation of both 

flaperon servos, as well as the # 1 elevator and # 1 rudder servos were able to assume 

any of 16 feasible orientations, yielding a problem with 65,536 unique solutions. 

An exhaustive search was conducted in MATLAB to determine the global minimum 

of the problem. The exhaustive search took approximately 20 hours to complete, 

running on a computer with an Intel Core i5 2.67 GHz CPU. Each additional variable 

or degree of freedom multiplied the processing time proportional to the size of the 

allowable subset of values corresponding to the additional variable. The amount of 

time necessary to complete an exhaustive search of all possible solutions for the full 

GAMSO problem would lead to solution times on the order of years. For this reason, 

it is not feasible to determine the global minimum through an exhaustive search, thus 

an investigation was required to determine the ability of GAMSO to quickly reach a 

global minimum. 

GAMSO was modified to meet the constraints required for this investigation. A 

total of 16 unique initial populations of 200 individuals were produced and run until 

each trial reached the global minimum found during the exhaustive search. All of the 

16 trials reached the global minimum. The fewest number of generations required 

to reach the minimum was 7, which occurred for nine trials. The largest number of 

generations needed was 278, which occurred for a single trial. Each generation took 
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roughly 4 minutes. The number of generations needed, as well as the approximate 

elapsed time to reach the global minimum for each trial is shown in Appendix C. 

The constrained problem definition had a strong local minimum, which corre

sponded to the second best global solution, that caused GAMSO to stall for an 

extended number of generations, leading to decreased genetic diversity within the 

population. The genetic diversity was increased by altering the selection ratios as 

outlined in Section 8.2.4. For the constrained problem, GAMSO was able to quickly 

converge to the global minimum or to the strong local minimum within 28 generations 

for all trials. These results confirm that GAMSO is capable of efficiently locating the 

global minimum of the defined problem. 

8.3.2 GAMSO MATLAB Results 

The GAMSO package was used to determine the optimized configuration of the 

GeoSurv II prototype sources within the constraints discussed in Section 8.2.1. The 

optimal GAMSO solution was reached in 599 generations using a population of 200 

chromosomes per generation, yielding a solution that is a significant improvement 

over the current GeoSurv II configuration. 

For comparison, a chromosome representing the current configuration and a manu

ally optimized configuration were analyzed using the same scripts as in the GAMSO 

package. The metric used to define the improvement of the optimized solution over 

the current solution is expressed as follows: 

% Improvement = 
B, current B opUrmzed 

B, current 

x 100, (8.8) 
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where Bcurrent and Boptimized is the magnetic flux density at the centre of each mag

netometer volume for the current and optimized configurations, respectively. Using 

(8.8), a positive value would indicate that the magnetic noise has decreased over the 

present value, and vice versa. The percent improvement of the theoretical results 

over the optimized results is provided in Table 8.2, which shows that the GAMSO 

strategy is capable of decreasing the wingtip magnetic noise to an even greater extent 

than just simple manual optimization. 

Table 8.2: Comparison of theoretical results for the current configuration, manually 
optimized configuration, and the GAMSO optimized configuration. Results are 

presented for a zero background magnetic field. The magnetic noise, 

and percent improvement, % Imp., are indicated. 

B„ 

Configuration 

Current 

Manually Optimized 

GAMSO 

Port 

l-'noise [nT] 

4.47 

1.06 

0.06 

% Imp. 

-

76.3 

98.7 

Starboard 

•Bncnse [nT] 

4.77 

0.56 

0.03 

% Imp. 

-

88.2 

99.4 

A visualization of the GAMSO solution as compared to the current GeoSurv II 

prototype source configuration is shown in Figure 8.3. Although the positioning 

of sources in Figure 8.3 is approximate, it illustrates that although the positioning 

changes of each servo are not drastic, the optimized orientation of each source leads 

to the substantial improvement in wingtip magnetic noise. 
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Figure 8.3: Illustration of servo locations and orientations for current (top) and 
GAMSO optimized (bottom) configurations. The position of each servo is lo
cated approximately at the base of the corresponding arrow. 

In addition to improvement in the attenuation of wingtip magnetic fields, the 

GAMSO solution also exhibited greater spatial uniformity over the other two config

urations. This may be seen by comparing Figures 8.4 to 8.6 which show the total 

magnetic field contours in nT for the coordinate planes intersecting the centre of each 

magnetometer domain. 



178 

Port Magnetometer 
xy-plane 

Q 
x 

0 0b 

0 

0 05 

/ 

r 
i 

i 

i 

1 
1 

/ 
/ 

/ 
£ 
7 

. 

f 
• 

-2 4 -2 35 -2 3 
Y Direction [m] 

xz-plane 

Q 

-0 05 0 0 05 
X Direction [m] 

yz-plane 

2 
a 

0 05 

0 

0 05 

A 
- \ 

^ 

\ ^ 
\ 

N \ 

\ 

\ \ 
\ 

X 
-2 4 -2 35 -2 3 

Y Direction [m] 

Q 
x 

0 05 

0 

-0 05 

Q 
M 

Starboard Magnetometer 
xy-plane 

0 05 

0 

no5 

\ y 

\ 

• \ 

Ol 
o> 

\ . 
°? 
\ 

\ 

\ 

\ 
-> 
^1 

, \ 

\ 
\ 

\ 
*-
• t * 

A 

\ 
-

-

2 3 2 35 2 4 
Y Direction [m] 

xz-plane 

: ^~~^^ 

'. — 4 8 - " ^ ^ 

! - 4 7 ^ " ^ " " ^ 

_ ^ A * " 

^ - ^ & 1 " 

^ _ ^ ^ A 6 ^ 

-0 05 0 0 05 
X Direction [m] 

yz-plane 

0 05 

0 

0 05 

/ 
<o 

/ 

/ / 

/ 

/ 
> 

V 
> 

. / 
2 3 2 35 2 4 

Y Direction [m] 

ure 8.4: Magnetic field at wingtip magnetometers for the current servo config
uration along coordinate planes intersecting the centre of each magnetometer 
domain. All values in nT. 
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Furthermore, it should be noted that the result of the optimized GAMSO solution 

does not decrease the magnetic field at every point around the UAS, but simply 

configures sources to minimize the magnetic field at the magnetometer locations. 

This result is illustrated in Figures 8.7 and 8.8 which show the total magnetic flux 

density contours for the current and GAMSO optimized configurations in xy-plane 

of the UAS. Note that the magnetic flux density is still large near sources since it is 

impossible to completely cancel any source. 

Figure 8.7: Total magnetic field contour in the xy-plane for current configuration 
generated using COMSOL Multiphysics. There are large magnetic fields and 
magnetic field gradients at wingtip magnetometer locations. All values in nT. 
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Figure 8.8: Total magnetic field contour in the xy-plane for GAMSO optimized 
configuration generated using COMSOL Multiphysics. Magnetic field is shaped 
to minimize the gradient and total field at wingtip magnetometer locations. All 
values in nT. 

8.3.3 GAMSO Experimental Validation 

An experimental validation was conducted at the Geomagnetic Laboratory by 

configuring 13 Hitec HSR-5990TG servos in the current, manually optimized, and 

GAMSO optimized configurations with respect to the wingtip magnetometers. Sup

ports were created to allow for the approximate positioning of each servo and magne

tometer. Due to only 13 servos being available at the time of testing, the nose landing 

gear servo was not represented. 

The experimental setup required the creation of a grid representing the coordinate 

system of the UAS, and mapping of the locations of each servo and magnetometer 
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support. Servo and magnetometer locations were estimated to be within ±0.05 m, and 

servo orientations were estimated to be within ±20° of their respective configurations 

Three Geometries G-822A Cesium magnetometers were utilized: one at each wingtip 

location, and the third magnetometer was located outside the test building and used 

as a reference sensor A fluxgate magnetometer was located 1 m aft of each wmgtip 

magnetometer to monitor the magnetic field vector components The configuration 

of the current and GAMSO configurations is shown m Figures 8.9 and 8 10 taken 

during testing. 

Empennage Servos :Port Magnetometer 

4 

Fluxgates / Flaperon Servos 
Throttle Servo 

/ 

/ 

Starboard Magnetometer 
-.:* 
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#**^*e* f .3r 
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Figure 8.9: Current configuration used during GAMSO validation as shown from 
the starboard wingtip location. 
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Figure 8.10: GAMSO optimized configuration used during GAMSO validation 
shown from the port wingtip location. 
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The experimental procedure involved obtaining a baseline reading before each mea

surement, during which all servos were moved to a distance of at least from 4 m from 

the nearest magnetometer. The servo supports were then quickly brought into the 

test area, and configured on the predefined grid to simulate the respective configura

tions. A measurement was taken of the magnetic field at all magnetometers, and the 

magnetic noise was calculated as the difference between the baseline reading and the 

measurement with servos present, and corrected for any changes in the background 

field. For each configuration, this process was repeated multiple times to average out 

any positioning or orientation errors, and the mean of all noise measurements was 

treated as the true noise value. 

The results of the experimental investigation show that the GAMSO solution is in

deed capable of significantly reducing the magnetic field at the wingtip magnetometer 

locations. Table 8.3 compares the theoretical and experimental results for the current, 

manually optimized, and GAMSO optimized configurations for the 13 servo scenario. 

The values in Table 8.3 differ from Table 8.2 due to the absence of the nose landing 

gear servo. Additionally, the theoretical magnetic noise values have been corrected 

for the magnetic vector field used during the respective measurements. 
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Table 8.3: Comparison of theoretical and experimental results for the GAMSO algo
rithm. The current GeoSurv II prototype configuration, as well as the manually 
optimized and GAMSO solution are compared. The theoretical (Theo.) and 
experimental (Exp.) percent improvement are measured relative to the the cur
rent theoretical and experimental wingtip noise values, respectively. Results 
are presented for the background field measured during testing. The magnetic 

, and percent improvement, % Imp., are indicated. noise, B„ 

Config. 

Current 

Manually 

Optimized 

GAMSO 

Case 

Theo. 

Exp. 

Theo. 

Exp. 

Theo. 

Exp. 

Port 

^noise [nT] 

3.36 

3.30 

0.43 

0.40 

0.23 

0.47 

% Imp. 

-

-

87.2 

87.9 

93.2 

85.8 

Starboard 

•tortoise [nT] 

4.87 

5.09 

0.29 

0.33 

0.03 

0.06 

% Imp. 

-

-

94.0 

93.5 

99.4 

98.8 

8.4 GAMSO Conclusions 

Reasons for the discrepancy between theoretical and experimental results stems 

from two main sources: experimental and modelling errors. The experimental errors 

are due to improper positioning and orientation of servos and magnetometers during 

experimentation. Also, included in experimental errors are different magnetic field 

gradients at each wingtip magnetometer, a scenario which is difficult to avoid. The 

modelling errors are due to the utilization of a servo model that is not an exact 

representation of each servo, and using only a single representative servo to model 

all 14 servos. The results from the investigation outlined in Section 4.3.2 show that 

there is a roughly 11% variability from the mean in the magnitude of the magnetic 

signatures of the 13 Hitec HSR-5990TG servos used during experimental validation, 

meaning that in order to more accurately model the magnetic field of the UAS, a 
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separate model for each individual servo must be generated. 

The GAMSO strategy was proven to significantly reduce the wingtip magnetic noise 

while maintaining a servo configuration that is feasible from an aircraft performance 

standpoint. Although the magnetic noise reduction measured experimentally was 

not as great as tha t found theoretically, the results still indicate that GAMSO is 

an effective strategy. The GAMSO strategy may be expanded to include additional 

sources and configurations, making it a useful tool for many applications. 

Recommendations to further improve this strategy involve individually character

izing each magnetic field source (each servo) for inclusion into the GAMSO script. 

Servo pairings should consist of servos with similar magnetic signatures. Addition

ally, improvement of the constraint and stall generation handling methods to more 

sophisticated schemes may improve the efficiency and performance of the strategy. 



Chapter 9 

Conclusions and Recommendations 

9.1 Summary 

Magnetic signature reduction of a geomagnetic surveying unmanned aircraft system 

(UAS), GeoSurv II, is presented in this thesis. The magnetic noise generated by on

board sources at magnetometer locations must be attenuated to avoid contamination 

of survey data. This thesis outlines the results of an investigation into the magnetic 

signature of individual GeoSurv II components, as well as full scale testing of GeoSurv 

II to quantify the magnetic signature of the current prototype. This investigation was 

followed by the development of two characterization schemes, permanent magnetic 

dipole (PMaD) and dual permanent magnetic dipole (DuPMaD), which were used to 

model simple magnetic field sources using magnetic point dipoles. 

Both characterization schemes were able to adequately model two different servo 

models by matching experimental data to dipole models. The experimental data 

was collected using a custom built test apparatus, the MMTA-3D, which allowed 

for measurement points at thousands of precisely known locations around smaller 
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components. The results of PMaD and DuPMaD schemes were validated through 

a simulation in the COMSOL Multiphysics software package. Both the PMaD and 

DuPMaD schemes provided an accurate representation of each servo and yielded 

nearly identical results, leading to the recommendation of the PMaD scheme for 

modelling simple magnetic noise sources. 

The servo models developed using the characterization schemes were used for both 

a cancellation strategy and source configuration optimization strategy. The cancella

tion strategy known as the cancellation magnet configuration (CMC) strategy utilized 

a permanent magnet close to each source to yield a reduced net magnetic effect. The 

position and orientation of the cancellation magnet relative to each source was opti

mized to minimize the net magnetic far-field. The CMC strategy was experimentally 

validated which yielded reductions in the total magnetic field of 56.1%, 68.1%, and 

76.2% at source-sensor distances of 0.22 m, 0.33 m, and 0.52 m, respectively. 

Lastly, the genetic algorithm source configuration optimization (GAMSO) strategy 

was developed to optimize the configuration of magnetic noise sources to minimize 

magnetic noise at wingtip magnetometer locations using a genetic algorithm. A 

full scale model simulating the configuration of all servos onboard GeoSurv II was 

utilized, and respective bounds were established. Furthermore, the orientations of 

each servo were constrained such that all servos were normal to the coordinate system 

of the UAS, ensuring that the mechanical leverage of each servo could be readily 

utilized. The GAMSO strategy was experimentally validated, yielding a reduction 

of magnetic noise of 98.8% and 85.8% for the starboard and port magnetometer 

locations, respectively, relative to the current configuration. 
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This section outlines the major conclusions and contributions from this research 

project. 

1. Current S ta te of GeoSurv II Magnet i c Signature: Full scale testing con

ducted at the Geomagnetic Laboratory revealed that the magnetic noise at the 

wingtips of the current GeoSurv II prototype is at least one order of magnitude 

above design specifications; therefore, in its current state, the GeoSurv II UAS is 

unfit for geomagnetic survey missions. The UAS components responsible for the 

largest magnetic noise contribution are the servo actuators and engine assembly. 

The reduction of the wingtip magnetic noise to within design specifications will 

require the use of multiple mitigation strategies. Specific recommendations to 

meet design specifications are outlined in Section 9.3. 

2. Genet ic Algor i thm Source Configuration Optimizat ion ( G A M S O ) : 

The GAMSO strategy developed in this thesis resulted in a significant reduc

tion of wingtip magnetic noise from the onboard servo actuators. The results 

were experimentally validated which yielded magnetic noise reductions of 98.8% 

and 85.8% for the starboard and port wingtip magnetometer locations, respec

tively, relative to the current GeoSuv II prototype configuration. This approach 

was designed to produce practical servo configurations which could be readily 

implemented on GeoSurv II. 

3. Pass ive Cancel lat ion Strategy: The novel Cancellation Magnet Configura

tion (CMC) strategy was proven to significantly reduce the magnetic signature 

of an individual component through the use of a cancellation magnet. The 

CMC strategy involved determining the optimal position and orientation of a 

cancellation magnet relative to each source to yield a minimized net magnetic 
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far-field effect. The CMC strategy was implemented for a servo actuator and 

experimentally validated, resulting in a 76.2% reduction in the total magnetic 

field at a source-sensor distance of 0.52 m. This approach is most beneficial for 

unpaired sources, since paired sources may be counteroriented relative to one 

another to reduce the net magnetic effect. 

4. Modelling Simple Magnetic Sources: The PMaD and DuPMaD modelling 

strategies were developed as an extension of modelling strategies previously de

veloped by Wells [1]. It was found that the PMaD and DuPMaD schemes were 

better able to model the vector components of simple magnetic field sources 

by fitting dipole models to data collected experimentally using a novel test 

apparatus. The PMaD and DuPMaD approaches yielded nearly identical re

sults. Since the PMaD scheme is simpler, it was concluded that it should be 

the characterization strategy of choice for input into models and optimization 

schemes. 

9.3 Recommendations 

An experimental investigation of the GeoSurv II UAS led to the conclusion that 

the magnetic signature of the current prototype is above design specifications by at 

least one order of magnitude. It is necessary for the GeoSurv II to have a magnetic 

signature within design specifications to perform geomagnetic survey missions capable 

of producing useful data. The implementation of magnetic signature control strategies 

is of vital importance to the success of GeoSurv II as'a geomagnetic survey aircraft. 

The recommendations generated from this thesis project for the GeoSurv II design 

are as follows: 
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1. Replace all ferromagnetic components with nonmagnetic counter

parts. Although the selection of materials for GeoSurv II requires that the 

use of metals be kept to a minimum, there are still a significant number of 

GeoSurv II fasteners that are ferromagnetic. An investigation identifying these 

components was discussed in [30], which includes a list of over 100 components 

that should be replaced. Proper attention should be given to the initial selection 

of components to avoid the use of magnetic materials. A control system track

ing current and allowable materials onboard GeoSurv II would be beneficial for 

this purpose. Also, the configuration of the UAS (components and component 

configurations) should be retested periodically to ensure that components do 

not pose a problem. 

2. All GeoSurv II wiring runs should be in twisted pair configuration. 

Twisting or braiding the wiring runs reduces the magnetic field by essentially 

creating a series of magnetic dipoles of alternating polarity. 

3. Implementation of GAMSO strategy. The utilization of the GAMSO strat

egy is proven to significantly reduce the magnetic signature in regions of interest. 

An optimized configuration of the current Hitec HSR-5990TG servos was gen

erated for the current prototype configuration. The GAMSO strategy should 

be used for any future design iterations involving the addition of magnetic com

ponents or revised control surface definitions. An attempt should be made to 

move all magnetic field sources as far away from each magnetometer as possible, 

which may include relocating the flaperon servos to the fuselage. 

4. Implementation of CMC strategy. The CMC strategy will be most useful 

for unpaired magnetic noise sources such as the throttle servo and nose landing 

gear servo. A paired servo will behave as a cancellation magnet for its partner 

servo, and vice versa, if properly configured. This strategy should be performed 
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in conjunction with GAMSO to reduce the magnetic signature of the UAS to 

the greatest extent possible. 

By ensuring that magnetic signature control is an integral part of all GeoSurv II 

design decisions, it is the opinion of this author that achieving allowable wingtip mag

netic noise values as specified in the systems requirements document [3] for GeoSurv 

II is entirely feasible. 

9.3.1 Future Work 

Recommendations for future work include: 

1. Further investigation of low magnetic signature actuation strategies. Due to the 

current state of actuation options, a low magnetic signature actuator suitable 

for GeoSurv II will likely require in-house development. An investigation into 

piezoelectric actuators was conducted as part of this project. It was concluded 

that although piezoelectric actuators have a low magnetic signature (found to 

be negligible during experimentation), the present state of the technology does 

not allow for simple implementation into the GeoSurv II design; the displace

ments and forces generated by piezoelectric actuators are not fit for GeoSurv 

II's requirements. 

2. Development of an active cancellation strategy to cancel transient magnetic 

fields. This strategy will likely involve pairing cancellation induction coils to 

sources, and generating opposing transient magnetic fields. Knowledge of the 

transient magnetic field from each source will be necessary to produce an appro

priate cancellation field. This will require either a model based control system, 

or a feedback control system, each with their own inherent difficulties. A model 

based system would require a priori knowledge of the behaviour of the source, 
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which may be difficult since it was observed in this thesis that the transient 

magnetic field response was not constant cycle-to-cycle for active servo actua

tors. Alternatively, a feedback control system would require the measurement 

of very small magnetic fields in close proximity to sources, while filtering the 

varying background field that would be present during missions due to flying 

over a survey area. 
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Component Testing Figures 
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ure A . l : Magnetic field rate of decay results for a single Hitec HSR-5990TG 
servo. Increasing distance along the x- (top left), y- (top right), and z- (bottom 
left) axis of a single servo. 
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Figure A.2: Magnetic field rate of decay results for dual Hitec HSR-5990TG servos. 
Increasing distance along the x- (top left), y- (top right), and z- (bottom left) 
axis of a single servo. 
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Figure A.3: Magnetic field rate of decay results for dual counteroriented Hitec HSR-
5990TG servos. Increasing distance along the x- (top left), y- (top right), and 
z- (bottom left) axis of a single servo. 
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Figure A.4: Magnetic field vs. rotation for dual Hitec HSR-5990TG servos collected 
using MMTA-1D at a distance of 0.30 m in the +z-direction of the measurement 
fluxgate. 
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Figure A.5: Magnetic field vs. rotation for dual counteroriented Hitec HSR-5990TG 
servos collected using MMTA-ID at a distance of 0.30 m in the +z-direction of 
the measurement fluxgate. 
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Figure A.6: Transient effect of cycling a Hitec HSR-5990TG servo at load of ap
proximately 4.5 kg • cm at a distance of 0.691 m. Shown are the results for 
cycling load/no load (top), constant load (middle), and the effect of the move
ment of the load alone (bottom). Sand bags were used for the load which had 
an adverse effect on the experimental results. 
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Figure A.7: Transient effect of cycling a Hitec HSR-5990TG servo at load of ap
proximately 13.5 kg • cm at a distance of 0.691 m. Shown are the results for 
cycling load/no load (top), constant load (middle), and the effect of the move
ment of the load alone (bottom). Sand bags were used for the load which had 
an adverse effect on the experimental results. 
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Full-Scale UAS Testing Figures 
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Figure B . l : Behaviour of magnetic field while actuating both elevators using pow
ered servos. The magnetic noise effect for slow actuation at the starboard (top) 
and port (second from top) magnetometers, as well as fast actuation at the 
starboard (second from bottom) and port (bottom) magnetometers is shown. 
The magnetic noise observed at the wingtip magnetometers does not appear to 
be related to actuation of the elevator control surfaces. 

NOTE: The large spikes in the Figures B.2 and B.3 were due to changes in the 

background field, and did not originate from the UAS itself. The variation in the 

background field can be distinguished from UAS generated sources by comparing both 

wingtip magnetometers. Since it was unlikely that the transient magnetic field effect 

was the same at both wingtips, it was concluded that spikes of identical amplitude at 

each wingtip sensor weie due to variations in the background field. It is important to 

note that immediately prior to this series testing, a thunderstorm occurred leading to 

increased ionospheric activity causing the background magnetic field to be less stable. 
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Figure B .2: Behaviour of magnetic field while actuating both rudders using powered 
servos. The magnetic noise effect for slow actuation at the starboard (top) 
and port (second from top) magnetometers, as well as fast actuation at the 
starboard (second from bottom) and port (bottom) magnetometers is shown. 
The magnetic noise observed at the wingtip magnetometers does not appear to 
be related to actuation of the rudder control surfaces. 
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Figure B.3: Behaviour of magnetic field while actuating the throttle using a powered 
servo. The magnetic noise effect for slow actuation at the starboard (top) 
and port (second from top) magnetometers, as well as fast actuation at the 
starboard (second from bottom) and port (bottom) magnetometers is shown. 
The magnetic noise observed at the wingtip magnetometers does not appear to 
be related to actuation of the throttle. 



Appendix C 

GAMSO Efficiency Investigation 

211 



212 

Table C.l: Investigation of the number of generations required to reach the global 
minimum with GAA4S0. The approximate elapsed time is shown for an Intel 
Core i5 2.67 GHz CPU. There were 65,536 unique solutions for this problem. 

Trial # 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Number of generations 

7 

53 

7 

7 

13 

7 

7 

7 

21 

7 

120 

9 

7 

72 

278 

7 

Approximate Elapsed Time (hours) 

0.47 

3.53 

0.47 

0.47 

0.87 

0.47 

0.47 

0.47 

1.4 

0.47 

8 

0.6 

0.47 

4.8 

18.5 

0.47 


